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The objective of this study is to better understand the relationship between
organic compounds and carbonate mineral growth in different natural environments by
imaging the interface between organic compounds and carbonate precipitates in ancient
and modern rocks, and laboratory experiments. Three separate projects were designed to
document the organic/carbonate mineral interface through imagery. 1) Images of the
interfaces between organic components and initial mineral precipitates were investigated
in a deteriorating microbial mat from Vermelha, Brazil that was taken from the site in
2006. As the mat deteriorated the amount of calcification increased. A section of the
transitional section between living algae and calcitic precipitate was taken for analysis.
Transmission Electron Microscopy (TEM) along with Energy-dispersive X-ray
spectroscopy (X-EDS) showed carbonate minerals growing on cell walls and using dark,
amorphous structures as nucleation points. X-EDS results showed that the dark
amorphous structures have high concentrations of silica, magnesium, and oxygen, which
appears to promote carbonate mineral precipitation. 2) Laboratory experiments were
designed to precipitate calcite in solution with varying organic compounds and then use

TEM analysis to image the precipitants, specifically the transitional area between the
organic compounds and carbonate minerals. Calcite crystals appeared to nucleate off of
the surfaces of palmitic and stearic acid. X-EDS analysis verified the elemental transition
from organic matter to carbonate mineral growth. 3) Cold water, authigenic carbonate
rocks collected by Dr. Adam Skarke, on July 6, 2016 during the National Oceanographic
Laboratory System (UNOLS) research cruise to a methane seep off the eastern North
America coast were imaged and analyzed. Scanning Electron Microscope (SEM), EDS
and XRD analysis were used to better understand the sequence of events that led to
formation of this unusual rock. The rock grew in situ trapping quartz and metallic
minerals in aragonitic cement, and then was cut and pushed apart by veins filled with
aragonitic cement in a pattern reminiscent of septarian nodules.

DEDICATION
My dissertation is dedicated to the two most influential people in my life that
pushed, pulled and consistently encouraged me to get where I am today. The absolute
love of my life, Jerad McFarlin and my grandmother Carmen Testa. Jerad came into my
life 5½ years ago, and it is the best thing that has ever and will ever happened to me. For
the last 4 ½ years I have been in grad school away from him. It has been heartache to say
the least. But it doesn’t matter if I am at home or away, Jerad pushes me to do my
absolute best every day. He listens to my rants when I just want to quit and come home.
But once I’m done complaining, he always makes everything better but just saying “No
matter what happens, I’m proud of you and I love you.” That just makes all of my
problems melt away. I love you babe, thanks for pushing me to get here. I would have
never made it without you.
My grandmother is the most amazing, thoughtful, stubborn person I know. Since I
decided to go back to college, she pushed and encouraged me every step of the way.
From the late nights studying for my math exams and her making me coffee, to getting up
extremely early in the morning and her listening to my coughing fits from being nervous.
She sacrificed a lot for me to get to this point, I know it, I appreciate it and I will never
forget it. Love you Mom.

ii

ACKNOWLEDGEMENTS
It is impossible to list all the amazing people that helped in the development and
execution of this project. I am eternally grateful to Dr. Brenda Kirkland for taking me
under her wing, being my advisor, mentor and mom. She pushed, inspired, guided and
critiqued everything I did, every step of the way, and I’m a much better person for it.
I was extremely lucky to have professors on my committee that poured their time
into helping me whenever I needed. When data didn’t make sense, experiments failed,
equipment exploded or I just needed to vent Dr. Skarke, Dr. Paul, Dr. Rooban, and Dr.
Gabitov were always there to laugh, smile and say it’ll be OK.
I have to especially thank my brother, Erik Larson. Without him I would be lost
and miserable. I can call him and talk to him for hours, venting about things he really
didn’t care about. But he would never let you know that. He would just listen. I have no
idea how I got lucky enough to have a friend like him.
Brittany Garner, is my friend in the trenches. We worked through so many
obstacles together. We watched each other panic, stress and throw things. But I’m so glad
I have her as my friend. I doubt I would have made it without her.
Finally, Joshua Broussard. The coolest, smartest undergrad I have ever met. He
has a drive inside him to succeed, he just hasn’t acknowledged it yet. Thanks for being
my buddy and always helping me out when I had some weird project to work on. I can’t
wait to see what you do.
iii

TABLE OF CONTENTS
DEDICATION .................................................................................................................... ii
ACKNOWLEDGEMENTS ............................................................................................... iii
LIST OF TABLES ........................................................................................................... viii
LIST OF FIGURES ........................................................................................................... ix
CHAPTER
I.

INTRODUCTION ................................................................................................1
Spheroidal structures at organic and mineral interfaces ........................................1
Organic and mineral precipitation experiments ....................................................2
Authigenic Carbonate Rock Imaging and Analysis ..............................................4
Objectives ..............................................................................................................7
Imaging the organic and mineral interfaces of the Vermelha, Brazil
microbial mat .............................................................................................7
Mineral precipitation experiments with organic molecules ............................8
Authigenic Carbonate Rock Imaging and Analysis ........................................8
Hypothesis Tested by this Series of Projects .........................................................9

II.

LITERATURE REVIEW ...................................................................................10
Imaging the organic and mineral interfaces of the Vermelha, Brazil
microbial mat ...........................................................................................10
Lagoa Vermelha Microbial Mat ....................................................................10
Previous Work on Lagoa Vermelha Microbial Mats ....................................10
Microbial Importance ....................................................................................11
Spheroidal shapes in literature.......................................................................12
Mineral precipitation experiments with organic molecules ................................13
Carbonate Formation .....................................................................................13
Microbial Importance ....................................................................................14
Bio-mineralization .........................................................................................15
Nucleation points in carbonate mineral formation ........................................16
pH and activation energy ...............................................................................19
Organic samples used ..........................................................................................21
Palmitic acid ..................................................................................................21
Urease ...........................................................................................................22
iv

Stearic acid ....................................................................................................22
Authigenic Carbonate Rock Imaging and Analysis ............................................23
Background..............................................................................................23
History of Methane Seeps .................................................................23
Environmental and Energy implications ...........................................24
Seep formation...................................................................................25
Authigenic Carbonate Rock Formation .............................................28
US Atlantic Margin methane seeps ...................................................29
Samples Collected ...................................................................................31
III.

IMAGING THE ORGANIC AND MINERAL INTERFACES IN THE
VERMELHA, BRAZIL MICROBIAL MAT.........................................33
About This Chapter .............................................................................................33
Introduction .........................................................................................................33
Background Information .....................................................................................34
Bio-mineralization .........................................................................................35
Methods ...............................................................................................................37
Sample Collection .........................................................................................37
Thin Section Analysis....................................................................................37
Thick Section Creation ..................................................................................37
Transmission Electron Microscopy ...............................................................38
X-Ray Energy Dispersive Spectroscopy .......................................................38
Results .................................................................................................................38
Stereoscopic Microscope Observations .........................................................38
Transmission Electron Microscopy ...............................................................40
X-Ray Energy Dispersive Spectroscopy .......................................................46
Discussion............................................................................................................54
Conclusions .........................................................................................................56

IV.

MINERAL PRECIPITATION WITH ORGANIC MOLECULES ....................59
About This Chapter .............................................................................................59
Introduction .........................................................................................................59
Background Information .....................................................................................60
Microbial Importance ....................................................................................60
Nucleation points in carbonate mineral formation ........................................61
Organic samples used ....................................................................................62
Palmitic acid ............................................................................................62
Urease .....................................................................................................63
Methods ...............................................................................................................63
Pre-precipitation Preparation .........................................................................64
Carbonate mineral precipitation ....................................................................64
Polycarbonate filtering ..................................................................................64
Scanning Electron Microscope ......................................................................65
Transmission Electron Microscope ...............................................................65
v

Energy-dispersive X-ray spectroscopy ..........................................................66
Results .................................................................................................................66
Transmission Electron Microscopy ...............................................................66
Energy-dispersive X-ray Spectroscopy .........................................................76
Discussion............................................................................................................80
Transmission Electron Microscopy ...............................................................80
Palmitic Acid ...........................................................................................80
Steric Acid ...............................................................................................81
Conclusion ...........................................................................................................81
V.

AUTHIGENIC CARBONATE ROCK IMAGING AND ANALYSIS .............83
About This Chapter .............................................................................................83
Introduction .........................................................................................................83
Background..........................................................................................................84
Seep Formation ..............................................................................................84
Anaerobic oxidation of methane ...................................................................85
Authigenic Carbonate Rock Formation .........................................................86
Environmental and Energy implications .......................................................87
Methods ...............................................................................................................88
Sample Collection .........................................................................................88
Microbial mapping and imaging ...................................................................89
Measuring samples ........................................................................................89
Slab cutting ....................................................................................................89
Thin Section Analysis....................................................................................90
Scanning Electron Microscope ......................................................................90
X-ray Powder Diffraction ..............................................................................92
Transmission Electron Microscope ...............................................................92
Thin Section Preparation for TEM ..........................................................92
TEM Analysis ..........................................................................................93
Results .................................................................................................................94
Scanned Slabs ................................................................................................94
Light microscope analysis .............................................................................95
Aragonitic growth ....................................................................................95
Reflected light ...................................................................................95
Cross Polarized Light ......................................................................102
Mineral Identification ............................................................................103
Scanning Electron Microscopy Results .......................................................106
Transmission Electron Microscopy Analysis ..............................................110
X-ray Powder Diffraction ............................................................................119
Discussion..........................................................................................................124
Thick section Scanned slabs ........................................................................124
Light microscope analysis ...........................................................................125
X-ray Diffraction analysis ...........................................................................127
Transmission Electron Microscopy Analysis ..............................................129
Conclusion .........................................................................................................130
vi

VI.

BROADER IMPACT .......................................................................................134
Intellectual Merit ...............................................................................................134
Broader Impact ..................................................................................................134

REFERENCES ............................................................................................................... 136
APPENDIX
A.

IMAGING THE ORGANIC AND MINERAL INTERFACES IN THE
VERMELHA, BRAZIL MICROBIAL MAT.......................................142
SEM Micrographs .............................................................................................143
Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis ...............................151
Electron Image 2..........................................................................................151
Electron Image 4..........................................................................................158

B.

MINERAL PRECIPITATION WITH ORGANIC MOLECULES ..................173
Transmission Electron Microscopy (TEM) micrographs ..................................174
Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis ...............................176
X-EDS spectral point analysis for Figure 3.11 ............................................176
X-EDS analysis for palmitic acid ................................................................178

C.

Authigenic Carbonate Rock Imaging and Analysis ..........................................185
High Resolution images of slabs from LB1 ......................................................186
Thick Section Reflected Light Analysis ............................................................191
Scanning Electron Microscopy (SEM) Micrographs ........................................193
Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis ...............................196
Electron Image 5 Light Gray matrix ...........................................................196
Electron Image 8 Dark Gray Carbonate matrix ...........................................203
Electron Image 9 Transitional section form Dark Gray to Light Gray
Carbonate matrix .............................................................................211

vii

LIST OF TABLES
3.2

Elemental map analysis of (Figure 3.9). ..........................................................49

3.3

Elemental map analysis of (Figure 3.11). ........................................................53

4.2

Elemental map analysis of (Figure 4.11). ........................................................79

5.2

Elemental maps analysis of (Figure 5.19)......................................................113

viii

LIST OF FIGURES
1.1

SEM photomicrograph of aragonitic botryoids (Testa, 2015). ..........................2

1.2

Estimated occurrences of methane hydrate seeps (WOR, 2015). ......................5

1.3

Methane hydrate seep process (Whelan, 2004). ................................................6

2.1

Nanospheres found in algal mat near carbonate minerals. Scale bar,
300 nm (Modified from Pacton et al., 2014). .......................................11

2.2

Three major settings of carbonate sediment formation (Flügel, 2004). ...........14

2.3

Dolomite crystals with spheroidal extracellular organic material as a
potential nucleation site (Krause et al., 2012)......................................18

2.4

Carbonate crystal growth on spherical extracellular material (Bosak
and Newman, 2003). ............................................................................18

2.5

The effect of bacteria and EPS on biotic and abiotic processes (Dupraz
et al., 2004). .........................................................................................21

2.6

Aerobic methane oxidation in AOM communities (Jagersma, 2009). ............28

2.7

Influence of groundwater on methane seeps (Ruppel, 2014). .........................30

2.8

Methane seeps along the US Atlantic Margin (Ruppel, 2014). .......................31

2.9

Collection site for the three samples. ...............................................................32

2.10

Collection site on the Veatch Canyon for the three samples. ..........................32

3.1

Algal mat at the time of collection (December 2009) from a salt pond
near Lagoa Vermelha, Brazil. The white layer is
approximately 1 mm thick arrow. ........................................................39

3.2

A portion of the same algal mat photographed in 2016. The white
layer is still present, but has expanded to a thickness of 3-5 mm
below the original 1 mm thick layer. (Photo courtesy Kaitlyn
Sabourin). .............................................................................................39
ix

3.3

A portion of the same algal mat photographed in figures 3.1 and 3.2.
This image was taken September 2017. The thick white layer
is outlined by the arrow........................................................................40

3.4

TEM micrograph shows the dark structures are near the cellular walls.
The dark structures act as a nucleation site for the aragonitic
crystals. ................................................................................................42

3.5

TEM micrograph of cellular structures in the cell wall of the
cyanophyte. Crystal growth is found growing along the cellular
walls. ....................................................................................................43

3.6

TEM micrograph of cellular structures in the cell wall of the
cyanophyte algae. Magnified image from the previous image. ...........44

3.7

TEM micrograph of the algae shows aragonitic crystals using the dark
amorphous spheroids. Light colored internal sections seem to
possible be composed of smaller proto-crystals. Darker section
is of denser aragonitic crystals. ............................................................45

3.8

TEM micrograph is a magnified image of the previous micrograph.
The area around the dark structures has an abundance of
aragonitic protocrystals. .......................................................................46

3.9

TEM micrograph of the X-EDS mapped area. Image shows aragonitic
crystals radiating from dark structures. ................................................47

3.10

Elemental spectrum of Image 1 (Figure 3.9). ..................................................48

3.11

TEM micrograph of the X-EDS mapped area for site 3. Image shows
dark amorphous spheroids (arrows) near aragonitic crystals. ..............51

3.12

Elemental spectrum of Image 1 (Figure 3.11). ................................................52

4.1

JEOL 1230 120KV TEM at the Institute for Imaging and Analytical
Technology at Mississippi State University. .......................................66

4.2

TEM micrograph of palmitic acid with calcium oxide after 24 hours.
Calcite crystals, appear as dense, therefore dark, black rhombs,
and are more apparent. Rhombohedral structures seem to be
composed of the organic molecules from the surrounding area,
indicated by the arrows. .......................................................................68

4.3

Magnified image from above micrograph. TEM micrograph of
palmitic with calcium oxide after 24 hours. Rhombohedral
structures made from imbedded pseudocrystals and in the
clump of palmitic acid. ........................................................................69
x

4.4

TEM micrograph of palmitic acid with calcium oxide after 18 hours.
This image shows a cluster of carbonate minerals (arrow)
growing within palmitic acid. Magnified image (Figure 4.5). .............70

4.5

Magnified micrograph from image above. TEM micrograph of
palmitic acid with calcium oxide after 18 hours. Image shows
carbonate rhombohedral crystal structures beginning to grow
within the palmitic acid as indicated by arrows. ..................................71

4.6

Magnified micrograph from image above. TEM micrograph of
palmitic acid with calcium oxide after 18 hours. Incipient
carbonate crystal structures are visible nucleating within the
palmitic acid. ........................................................................................72

4.7

TEM micrograph of steric acid with calcium oxide after 18 hours.
Arrows indicate calcite as rhombohedrons growing in clusters
using the steric acid as a nucleation point. ...........................................73

4.8

TEM micrograph of steric acid with calcium oxide after 24 hours.
Micrograph shows carbonate rhombohedral minerals (arrow)
growing intermixed with steric acid (dark amorphous sections). ........74

4.9

TEM micrograph of steric acid with calcium oxide after 48 hours.
Photomicrograph shows carbonate minerals are more
pronounced. ..........................................................................................75

4.10

TEM photomicrograph of steric acid with calcium oxide after 48
hours. Dense clusters of carbonate minerals are indicated by
yellow arrow. Some steric acid is indicated by red arrow, but it
is less abundant than it was in samples drawn off at 18 and 24
hours. ....................................................................................................76

4.11

TEM micrograph of palmitic acid with calcium oxide after 24 hours.
Shows a transition from palmitic acid (bottom) and carbonate
mineral growth (top). ...........................................................................77

4.12

X-EDS overall elemental spectrum of TEM micrograph (Figure 4.11)
This shows there is a high concentration of carbon and calcite
in the overall micrograph. ....................................................................78

5.1

Collection site for the three samples. ...............................................................88

5.2

Thin section with area of interest marked with carbon tape. ...........................91

5.3

Image showing 5 µm of platinum being applied to a thin section in the
sputter coater. .......................................................................................91
xi

5.4

High-resolution scan of slab LB1 on Side A. The slab was subdivided
into labeled sections for specimen labeling and analysis.....................94

5.5

Reflected light image of a thin section shows the light grey carbonate
matrix along with 3 series of aragonitic botryoid formation. ..............96

5.6

Reflected light image of a thin section image shows three generations
of aragonitic botryoids growing from dark gray to black
cement patches in multiple directions outward from the pore
wall in, thus filling up the void. The botryoids grew through
the light gray carbonate cement. Some of the botryoids can be
seen using darker carbonate cement splotches as nucleation
sites. .....................................................................................................97

5.7

Reflected light image of a thin section showing a aragonitic vein
cutting across by filling pore space through a light gray
carbonate cement. The aragonitic vein is composed of needles
ranging from 0.2 to 4 mm. The needles have no set
arrangement or orientation. ..................................................................98

5.8

Reflected light image of a thin section image of a aragonitic vein along
the outside of a darker carbonate cement. ............................................99

5.9

Reflected light image of a thin section image of aragonitic botryoids
using the showing dark carbonate cement at the base of
aragonitic needles range from 0.5 to 2 cm in length and grow
perpendicular to the dark sections......................................................100

5.10

Reflected light image of a thin section of aragonitic botryoids using
quartz grains as a nucleation site. This shows some of the
quartz was originally deposited. The brighter white aragonitic
is the first-generation cement and grew around the quartz
grains. Then the aragonitic botryoids are the 2nd generation
aragonite and grew botryoids radiating outwards toward the
void space...........................................................................................101

5.11

Cross-polarized thin section image showing the growth stages of the
aragonitic needles. The botryoids are nucleating from the dark
carbonate matrix. The aragonitic needles range from 0.3 to 1.5
cm in length........................................................................................102

5.12

Cross-polarized thin section image showing aragonitic botryoids
growing from dark carbonate matrix shown by arrow.......................103

5.13

Reflected light image of a thin section image of dark gray dense
carbonate cement sections. Pyrite and troilite minerals are
present in XRD of found throughout the splotches. ..........................104
xii

5.14

Reflected light image of a thin section image of dark green zirconium
minerals found throughout the carbonate matrix of the methane
seep rock. These dark green zirconium minerals along with
quartz grains are lining the outside edges of the aragonitic vein
(arrow)................................................................................................105

5.15

SEM micrograph from a void in slab LB1 side A of the methane
carbonate rock. Shows a random arrangement of aragonitic
needles grown in situ as well as broken and transported to the
area. The needles range from 0.5 µm to 120 µm. ..............................107

5.16

SEM micrograph of a chip removed from the surface of slab LB1 Side
A section lb1_5 shows an abundance of aragonitic botryoids. In
many areas the botryoids overlap each other. ....................................108

5.17

SEM micrograph of a aragonitic botryoid which grew intermixed with
possible organic debris. ......................................................................109

5.18

SEM micrograph of random marine fragments. In the micrograph, a
piece of a diatom frustule and coccolith shell is seen. This
shows the type of material that has been captured during
formation of the sample. ....................................................................110

5.19

TEM micrograph of image 6 taken from the light gray carbonate
cement section of slab LB1 Side A. Dark minerals are
interpreted as clay minerals because of X-EDS analysis (Figure
5.20). ..................................................................................................112

5.20

X-EDS elemental spectral analysis of image 6 (Figure 5.19) shows
silica, calcium and aluminum is detected in the sample. This
supports the theory of clay minerals. .................................................113

5.21

TEM micrograph of a spot elemental analysis. Results concluded the
crystal is primarily composed of oxygen silica and aluminum..........116

5.22

X-EDS elemental spectral analysis of image 11 (Figure 5.21) shows
silica, aluminum, potassium and calcium are the detectable
elements of the mineral. This supports the theory of clay
minerals being present in the carbonate matrix. ................................117

5.23

TEM micrograph of a spot elemental analysis. Results concluded the
crystal is primarily composed of calcium, oxygen, and carbon. ........118

5.24

X-EDS elemental spectral analysis of image 11 (Figure 5.23) shows
calcium, oxygen, and carbon make up the majority of the
elements in the mineral. This enforces the theory of the
carbonate matrix is intermixed with clay minerals. ...........................119
xiii

5.25

XRD results of the light carbonate cement on slab LB1 side A. Data
shows the light gray matrix is primarily composed of aragonite
and quartz with a trace of triolite-2H (FeS). Analysis was
conducted using JADE 2010 software package. ................................121

5.26

XRD results of the dark carbonate cement splotches on slab LB1 side
A. Data shows the dark gray matrix is primarily composed of
aragonite and quartz. But unlike the light gray matrix, metals
are more prevalent in the darker matrixes. Analysis was
conducted using JADE 2010 software package. ................................122

5.27

XRD results of the aragonitic veins that pass through the lighter gray
carbonate cement and boarder much of the dense darker gray
carbonate cement. As expected the veins are primarily
composed of aragonite with small traces of quartz. Analysis
was conducted using JADE 2010 software package. .........................123

5.28

Scanned thin section image of carbonate matrix. ..........................................127

A.1

TEM micrograph of aragonite crystals appearing to have nucleated on
the outer rim of the mucilaginous sheath of cyanophytes in the
algal mat. Magnified image from the previous image.
Aragonitic crystals used a single spot on the cell wall as a site
of nucleation.......................................................................................143

A.2

TEM micrograph of algae shows dark amorphous structures. X-EDS
analysis determined the dark structures are primarily made of
silica, oxygen, and magnesium. The crystal structures are using
the amorphous structures as nucleation sites. ....................................144

A.3

TEM micrograph of the shows the carbonate crystals penetrating
through the cellular walls. This suggests the carbonate minerals
formed directly after cellular death. ...................................................145

A.4

Aragonitic crystals are growing radially from a dark nucleation point.
The nucleation point seems to be one of the dark splotches
found in association with crystal growth. ..........................................146

A.5

Magnified micrograph of the Figure A.4. Image suggests the carbonate
minerals are emerging from the amorphous structure. Possibly
using the structure as a nucleation site. ..............................................147

A.6

TEM Micrograph shows the aragonitic needles have grown around the
dark splotches. This may be evident that the crystals grew after
the dark splotches were precipitated. .................................................148
xiv

A.7

TEM micrograph shows the outline of aragonitic crystals using a dark
amorphous structre as a nucleation site. The crystals have
dissolved because of long exposure to eosin dye...............................149

A.8

TEM micrograph shows the outline of aragonitic crystals using the
dark amorphous structure as a nucleation site. Light colored
splotches are created from the remnants of the carbonate
minerals in the epoxy. ........................................................................150

A.9

TEM micrograph of the X-EDS mapped area for site 2. Image shows
dark amorphous structures near cell wall structures. This image
is useful because the cellular structures and amorphous dark
structures are clearly separated. The X-EDS images show the
concentration of silica and magnesium in the dark structures. ..........151

A.10

X-EDS spectral analysis for (Figure A.9). Shows the detectable levels
of silica and magnesium found in the dark amorphous
structures. ...........................................................................................152

A.11

X-EDS elemental map of carbon for (Figure A.9) shows the lack of
carbon in the dark amorphous structures. ..........................................153

A.12

X-EDS elemental map of calcium for (Figure A.9) shows only small
traces of calcium where the dark amorphous structures occur. .........154

A.13

X-EDS elemental map of oxygen for (Figure A.9) shows most of the
oxygen is located in the dark amorphous structures. .........................155

A.14

X-EDS elemental map of silica for (Figure A.9) shows most of the
silica is located in the dark amorphous structures. ............................156

A.15

X-EDS elemental map of magnesium for (Figure A.9) shows most of
the magnesium is located in the dark amorphous structures..............157

A.16

TEM micrograph of the X-EDS mapped area for Electron Image 4.
Low magnification image shows dark amorphous structures in
clusters with carbonate crystals. ........................................................158

A.17

Elemental spectral map showing the makeup for (Figure A.15). Low
magnification results in poor weight analysis. However, the
elemental maps still detect silica and iron. ........................................159

A.18

X-EDS elemental map of carbon for (Figure A.15). As expected the
majority of carbon is centralized within the organic and crystal
mixture. ..............................................................................................160

xv

A.19

X-EDS elemental map of calcium for (Figure A.15). As expected the
majority of calcium is centralized within the organic and
crystal mixture. ..................................................................................161

A.20

X-EDS elemental map of oxygen for (Figure A.15). As expected the
majority of oxygen is centralized within the organic and crystal
mixture. ..............................................................................................162

A.21

X-EDS elemental map of silica for (Figure A.15). The silica is located
in where the majority of the dark amorphous structures are
located. ...............................................................................................163

A.22

X-EDS elemental map of iron for (Figure A.15). The iron is located in
where the majority of the dark amorphous structures are
located. ...............................................................................................164

A.23

X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the
dark spheroids contain larger concentrations of oxygen. ...................165

A.24

X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the
dark spheroids contain larger concentrations of silica. ......................166

A.25

X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the
dark spheroids contain larger concentrations of magnesium. ............167

A.26

X-EDS elemental map of carbon for site 1 (Figure 3.9) shows the dark
spheroids have low concentrations of carbon. ...................................168

A.27

X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the
dark spheroids contain larger concentrations of calcium. ..................169

A.28

X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the
dark spheroids contain larger concentrations of oxygen. ...................170

A.29

X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the
dark spheroids contain larger concentrations of silica. ......................171

A.30

X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the
dark spheroids contain larger concentrations of magnesium. ............172

B.1

TEM micrograph of palmitic with calcium oxide after 18 hours. Dark
clusters of carbonate minerals growing intermixed with the
palmitic acid. ......................................................................................174

B.2

TEM micrograph of steric acid with calcium oxide after 18 hours.
Micrograph shows carbonate minerals growing in clusters
using the steric acid as a nucleation point. .........................................175
xvi

B.3

X-EDS spectral analysis for point spectrum 4 of TEM micrograph
(Figure 3.11). .....................................................................................176

B.4

X-EDS spectral analysis for point spectrum 5 of TEM micrograph
(Figure 3.11). .....................................................................................176

B.5

X-EDS spectral analysis for point spectrum 6 of TEM micrograph
(Figure 3.11). .....................................................................................177

B.6

X-EDS spectral analysis for point spectrum 7 of TEM micrograph
(Figure 3.11). .....................................................................................177

B.7

TEM photomicrograph of palmitic acid with calcium oxide after 48
hours. Shows a cluster of palmitic acid and carbonate mineral
growth. ...............................................................................................178

B.8

X-EDS elemental map of carbon for TEM image (Figure B.7). ...................179

B.9

X-EDS elemental map of calcium for TEM image (Figure B.7). ..................180

B.10

X-EDS elemental map of oxygen for TEM image (Figure B.7). ...................181

B.11

X-EDS elemental map for carbon TEM micrograph (Figure 4.11). ..............182

B.12

X-EDS elemental map for calcium TEM micrograph (Figure 4.11). ............183

B.13

X-EDS elemental map for oxygen TEM micrograph (Figure 4.11). .............184

C.1

High resolution scan of slab LB1 on Side B with a 30 cm scaled ruler. .......186

C.2

High resolution scan of slab LB2 on Side A with a 30 cm scaled ruler. .......187

C.3

High resolution 900 DPI scan of slab LB2 on Side B with a 30 cm
scaled ruler. ........................................................................................188

C.4

High resolution scan of slab LB3 on Side A with a 30 cm scaled ruler. .......189

C.5

High resolution scan of slab LB3 on Side B with a 30 cm scaled ruler. .......190

C.6

Reflected light image of a thick section shows aragonitic crystals .2 to
.8 cm in length void from section lb1_5. Aragonite crystals are
growing in random voids found throughout the carbonate
methane seep rock. .............................................................................191

C.7

Image created by reflected light on a Thick section of radial aragonitic
botryoids surrounding the outside of a void. The botryoids are
third generation and is seen growing in random directions. ..............192
xvii

C.8

SEM micrograph of the surface on slab LB1 Side B shows a aragonitic
botryoid with radiating aragonite crystals. The botryoid is 320
µm in diameter. ..................................................................................193

C.9

SEM micrograph of the base of the aragonitic botryoid. Magnified
image of (Figure C.8). Micrograph shows a debris field of
possible organic material intermixed with broken aragonite
crystals. ..............................................................................................194

C.10

SEM micrograph of the core of the aragonitic botryoid. Magnified
image of (Figure C.8). Micrograph shows a debris field of
possible organic material intermixed with broken aragonite
crystals. ..............................................................................................195

C.11

TEM micrograph of image 5 taken from the light gray carbonate
cement section of slab LB1 Side A lb1_2. .........................................196

C.12

X-EDS elemental spectral summary of Electron Image 5 (Figure
C.11)...................................................................................................197

C.13

X-EDS elemental map of carbon for Electron Image 5 (Figure C.11).
Concentrations of carbon are not near the darker minerals. ..............198

C.14

X-EDS elemental map of calcium for Electron Image 5 (Figure C.11).
Concentrations of calcium are not found in the darker cluster of
minerals. .............................................................................................199

C.15

X-EDS elemental map of oxygen for Electron Image 5 (Figure C.11).
Concentrations of oxygen is found throughout the sample. ..............200

C.16

X-EDS elemental map of silica for Electron Image 5 (Figure C.11).
Concentrations of silica is found in the darker mineral clusters,
suggesting these may be clay minerals. .............................................201

C.17

X-EDS elemental map of aluminum for Electron Image 5 (Figure
C.11). Concentrations of aluminum is found in the darker
mineral clusters, suggesting these may be clay minerals. ..................202

C.18

TEM micrograph of image 8 taken from the dark gray carbonate
cement splotches on slab LB1 Side A................................................203

C.19

X-EDS elemental spectral summary of Electron Image 8 (Figure
C.18). No significant levels of calcium detected. High amounts
of Silica and aluminum suggests a large presence of aluminum
silicate clay minerals. .........................................................................204

xviii

C.20

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of oxygen is found throughout the sample. ..............205

C.21

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Large concentrations suggest aluminum silicate clay minerals. ........206

C.22

X-EDS elemental map of aluminum for Electron Image 8 (Figure
C.18). Large concentrations suggest aluminum silicate clay
minerals. .............................................................................................207

C.23

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of iron is found throughout the dark matrix of
the sample. .........................................................................................208

C.24

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of magnesium is found throughout the dark
matrix of the sample...........................................................................209

C.25

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of potassium is found throughout the dark
matrix of the dark matrix of the sample. ............................................210

C.26

TEM micrograph of image 9 taken from the dark gray to light gray
transitional boundary slab LB1 Side A. .............................................211

C.27

X-EDS elemental map summary of Electron Image 9 (Figure C.26). ...........212

C.28

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of carbon is found throughout the sample. ...............213

C.29

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of calcium is found toward the top half of the
TEM micrograph. This is possibly from the carbonate minerals
intermixed with clay minerals. ...........................................................214

C.30

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of oxygen is found throughout the sample. ..............215

C.31

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of silica is found throughout the sample.
Concentrations might be located in clay minerals. ............................216

C.32

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of aluminum is found throughout the sample.
Concentrations might be located in clay minerals. ............................217

xix

C.33

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of iron is found throughout the sample.
Concentrations might be located in clay minerals. ............................218

C.34

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of magnesium is found throughout the sample.
Concentrations might be located in clay minerals. ............................219

C.35

X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of potassium is found throughout the sample.
Concentrations might be located in clay minerals. ............................220

C.36

X-EDS elemental map of carbon for image 6 (Figure 5.19)..........................221

C.37

X-EDS elemental map of calcium for image 6 (Figure 5.19). .......................222

C.38

X-EDS elemental map of oxygen for image 6 (Figure 5.19). ........................223

C.39

X-EDS elemental map of silica for image 6 (Figure 5.19). ...........................224

C.40

X-EDS elemental map of aluminum for image 6 (Figure 5.19). ...................225

C.41

X-EDS elemental map of iron for image 6 (Figure 5.19). .............................226

C.42

X-EDS elemental map of magnesium for image 6 (Figure 5.19). .................227

xx

INTRODUCTION
Spheroidal structures at organic and mineral interfaces
In 1984, Chafetz and Folk first wrote about a possible relationship between
microbolites and carbonate mineral formation while describing travertine samples from
Bagni di Tivoli, Italy (Chafetz and Folk, 1984). Tree-like branching shrub structures are
visible in correlation with dark organic clusters forming the core. Under Scanning
Electron Microscopy (SEM), radial aragonitic botryoids are in correlation with
subspherical organic structures.
Carbonate minerals have a strong attraction to organic compounds and calcium is
commonly found attached to cell walls. Therefore, the assumption is made that a strong
attraction exists between organics and carbonate minerals (Folk, 1993). The spherical
structures were hypothesized as nano-bacteria (Folk and Chafetz, 1980; Bontognaili et al;
Guo and Riding, 1992; Chafetz, 1981). The hypothesis was first based on a consistent
pattern of physical correlation between the spheroidal structures and carbonate minerals
from multiple, distinctly different samples and sites of study. Secondly, shape and
arrangement of the spherical structures are similar to cocci or bacilli bacteria.
Testa (2014) analyzed over 50 thin section images from the Blue Hole Lighthouse
Reef stalactite. Thin section analysis showed dendritic structures believed to be formed
by microbial processes were found to be geographically related to dark cores believed to
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be organic material. SEM images of the dendritic structures showed a consistent pattern
of aragonitic botryoids in association with subspherical structures at their cores (Figure
1.1). This thesis grows out of previous research, combined with cryptic, micritic organic
material, and relentlessly pursued by B.L. Kirkland for the past 30 years (Kirkland B.L.,
1999; Testa, 2014). This research investigates the relationship between microbes, organic
material and their carbonate mineral growth.

Figure 1.1

SEM photomicrograph of aragonitic botryoids (Testa, 2015).

Organic and mineral precipitation experiments
The precipitation of carbonate minerals is very important in the field of
sedimentology, and oceanography. Even limnology looks at how carbonate mineral
precipitation affects water purification and energy production. (T.F. Kazmierczak, 1982).
Since the 1970’s, when Robert L. Folk began exploring travertine deposits in Italy for
nannobacteria, a debate began on the influence of organic material on carbonate crystal
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precipitation. These structures were thought to be simple organisms (200-300 nm in size)
and were first thought to “play a role in” or maybe “mediate” carbonate mineral growth.
Research has continued through the present and the nanometer-scale structures once
termed nannobacteria or sub-spherical nanostructures are now recognized as not one type
of small particle, but many different types of nanometer-scale features including small
bacteria, large organic molecules, or proto-crystals. Some of these nanometer scale
particles do play a role as mediators of crystal precipitation processes originally thought
to be inorganically mediated. Many sedimentologists now acknowledge that microbes
play a role in carbonate mineral precipitation, but the mechanisms and details of that role
are still debated (Chafetz, 1981; Folk R. C., 1980; Cui et al., 2015; Kirkland et al., 1999).
Nucleation is a crucial step for mineral precipitation especially with carbonate
minerals. However, the concept of nucleation with organic material is not well
understood and raises many questions. For example, how does the organic components in
a biofilm layer affect the nucleation kinetics. Also, how organic components affect free
energy is still unclear (Q. Hu, 2012). The mechanisms between the transition between
CaO/CaCO3 systems are still far from being understood (Besson, 2013). In nature,
nucleation often occurs at organic interfaces. Extracellular matrix, which are organic
molecules secreted by cells for a variety of beneficial reasons, also provide structural
support to other surrounding cells and are found in contact with mineral formations. In
recent research, clusters of heterogenic molecules nick named “pre-nucleation clusters
and amorphous precursor phases” have sparked debate on how the heterogenic molecules
encourage crystal growth (Q. Hu, 2012).
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Authigenic Carbonate Rock Imaging and Analysis
Natural methane seeps from the seafloor are a widespread occurrence (Figure
1.2). Recently seeps were found off the eastern coast of the United States. In 2012 only
three methane seeps were known of the eastern coast. Now at least 570 cold seeps have
been discovered between North Carolina and Massachusetts (Ruppel, 2014). The Artic
shelf is believed to hold huge reservoirs of methane gas. Artic seeps are found in marine
sediments, as deep as 1200 m, or even in terrestrial wetlands. The methane leaks have the
ability to cause negative environmental challenges, as well as present some positive
energy advantages (Veloso et al., 2012).
Methane is less abundant in the atmosphere than CO2. However, over 100-year
period methane holds 25 times more heat than CO2. Its warming impact is 72 times more
than CO2. Luckily methane’s life span is only 8-12 years once in the atmosphere. The
majority of methane release is human induced, primarily from agriculture (Pettus, 2009).
On the other hand, sea floor methane slowly making its way to the atmosphere can also
cause ocean acidification and de-oxygenation naturally. This has the ability to destroy or
severely alter biological communities and entire ecosystems (Yirka, 2014). It is
estimated that the amount of methane that may be produced from these seeps are up to
500 times more than the carbon from burning of fossil fuels (WOR, 2015).
It is now known that methane hydrates on continental margins are present
throughout the world. However, there is no quantified amount of how much there is, but
the estimate is between 1000 and 5000 gigatonnes. The amount of these natural gas
reserves is expected to far exceed the reserves from conventional deposits. Originally, the
cost of exploring these deposits was high, but as natural gas price rises methane seeps
4

may become attractive (WOR, 2015). Energy companies are already equipped to work
with methane because 95% of the natural gas processed from conventional sources is
methane (EPA, 2013).

Figure 1.2

Estimated occurrences of methane hydrate seeps (WOR, 2015).

The methane hydrates are originally in a crystalline form similar to ice. Found in
continental slopes and rises as well as deep sea sediments and cold climate terrestrial
wetlands. The methane is from the decomposition of organic matter. The carbon from the
organic material is broken down by microbial reduction (Muir, 2009). The crystalline
forms at cold, deep-sea temperatures and pressure (Figure 1.3). The recent warming of
the oceans has begun to melt the ice-like crystalline hydrates. While some of the methane
is too deep to directly reach the atmosphere, it may be oxidized to CO2. The carbon
dioxide would acidify and reduce the oxygen levels of the ocean (Ruppel, 2014). Only
about 3-3.5% of CO2 from the atmospheric budget is from methane released from cold
water seeps (Steinle, 2011; Steinle et al., 2015). Methane hydrates have been gassing for
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millions of years. Most popular areas for methane seeps are near the Arctic where
deposits in deep ocean floors and permafrost have been estimated to be near 700,000
trillion cubic feet. Deposits along continental margins in northern Canada and Alaska are
found in large quantities at depths ranging from 150 m to 2000 m (Muir, 2009).

Figure 1.3

Methane hydrate seep process (Whelan, 2004).

The degradation of organic material found beneath the sulphate reduction zone
creates microbial methane (Skarke et al., 2014). Microbial methane is different than the
traditional thermal methane found at deeper reservoirs (Ruppel, 2014). Also bacterial
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mats and other chemosynthetic organisms are metabolically dependent on the methane or
hydrogen sulphide (Skarke et al., 2014). Much of the methane released at the cold-water
seeps is used by anaerobic and aerobic methanotrophic microbes. In the water column
which is the final sink for methane before being released to the atmosphere, large
amounts of microbial communities can be found (Steinle et al., 2015). In the U.S.
Atlantic Margin, the gas emitted by the seeps are in shallow sediments being released by
microbial processes (Ruppel, 2014).
Objectives
Imaging the organic and mineral interfaces of the Vermelha, Brazil microbial mat
The objective of this project is to test the hypothesis that organic structures
created by microbial processes induce precipitation of carbonate minerals. Samples for
this study were taken from a microbial algal mat found in salt ponds in Vermelha, Brazil.
These hypersaline microbial mats have been the focus of many studies (Vasconcelos et
al., 2006; Bosence et al., 2015; Sabourin et al., 2016) because they are known to be sites
of active biomineralization (Vasconcelos et al., 2006). In this study, a stereomicroscope
was used to discover and mark areas of interest on a slice of algal mat. Those areas were
then prepared and examined under TEM, to image the relationship between organic
material and carbonate mineral growth. X-EDS is used to understand the elemental
relationship and attraction between the organic material and carbonate mineral
formations.
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Mineral precipitation experiments with organic molecules
The objective of this project is to grow carbonate minerals with known common
organic molecules. Organic molecules can modify their environments as they degrade.
These modifications can promote carbonate mineral growth in areas where the
environment would not be suitable originally. SEM, TEM and EDS analyses were used to
image the interface between the organic molecules and carbonate minerals.

Authigenic Carbonate Rock Imaging and Analysis
The objective of this project is to map and identify stages of carbonate framework
development of the cold water authigenic carbonate rocks collected by Dr. Adam Skarke,
on July 6, 2016 during the National Oceanographic Laboratory System (UNOLS)
research cruise. Thin section, SEM, EDS and XRD analysis will confirm microbial
origin, and, using the knowledge gained in the first two objectives, help determine how
the rock was formed.
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Hypothesis Tested by this Series of Projects
The series of studies presented herein tests the overriding hypothesis that the
pattern of organic material in spatial relationship / found in proximity to carbonate
minerals found in nature can be explained by exploring the structures and organic
molecules in their environment. Carbonate mineral growth is induced by organic
molecules and can act as nucleation sites for mineral growth. This relationship will be
proven in the first experiment by imaging ancient rock samples from the Lighthouse Reef
Blue hole with TEM to prove the geographic relationship between organic spherical
shapes and aragonite crystals. In the second experiment, carbonate minerals will be
grown with organic molecules to show the same spatial relationship occurs. The
precipitation experiments will also prove that organic material can act as a nucleation site
for mineral growth. These two principals are then applied to a modern carbonate sample
to demonstrate that organic molecules play a large role in its fabric formation.
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LITERATURE REVIEW
Imaging the organic and mineral interfaces of the Vermelha, Brazil microbial mat

Lagoa Vermelha Microbial Mat
Evidence of microbial mats have been found in the rock record Since the late
Precambrian, representing one of the earliest ecosystems on Earth. Previous work on
algal mats study their effects on the local environments and microbial contribution to
mineralization (Pacton et al., 2014). Organomineralisation is a term usually used for
microbial mats because the microbes mediate the formation of mineral layers. This
process also enhances the potential for preservation the rock record. The mechanism of
organomineralisation is still poorly understood (Perry, 2007).
Previous Work on Lagoa Vermelha Microbial Mats
Microbial Mats currently living in Lagoa Vermelha, Brazil have been studied
because their hypersaline chemical, mineralogical and biological conditions are similar to
environments of the Precambrian. Previous work on these mats focused on dolomite
precipitation influenced through sulfate reducing bacteria (Vasconcelos and McKenzie,
1997; van Lith et al., 2002). This work discovered a natural environmental organization
of microbial layers in the mats. Photosynthetic microbes were discovered toward the top
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of the maps where heterotrophic and sulfate reducing bacteria were found toward the
lower layers of the mat. The photosynthetic microbes are affecting the CO2 fixation levels
of the environment. The sulfate reducing bacteria is affecting the local environments pH
(Vasconcelos et al., 2006). In (Pacton et al., 2014) SEM and TEM imagery showed
evidence of spheriodal structures identified as nanno-spheres near mineral precipitation.
This was interpreted as the early stage mineralized nano-particles attracted to organic
prokaryote cells or possibly even viruses (Figure 2.1).

Figure 2.1

Nanospheres found in algal mat near carbonate minerals. Scale bar, 300 nm
(Modified from Pacton et al., 2014).

Microbial Importance
It is believed that bacteria are the key in the formation of microbial carbonate
rocks (Riding, 2000). However, the mechanism and amount of contribution is still
unknown. Different bacteria can modify an environment in different ways. Sulfate
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reducing bacteria are anaerobic heterotrophs and are known to mineralize organic
material by redox processes (Fenchel and Finlay, 1995). Cyanobacteria are aerobic
phototrophs and are known to secrete mucilage, which stabilizes sediment (Riding,
2000).
Many different types of bacteria obtain their energy by degrading minerals,
especially when adhered to the rock surface. Ions in solution from weathering minerals
are an important role in biogeochemical cycle. Microbes can also contribute structurally
in grain trapping through bacterial mats. Microbes also are believed to contribute to
formation of cement. However, the mechanism is still unclear (Riding, 2000). Other
hypotheses of nano-bacteria contributing to the formation of micrite also occur (Folk R.,
1993; Kirkland et al., 1999).
Spheroidal shapes in literature
Spherical to subspherical shapes have been identified in literature with multiple
explanations. However, the pattern is very similar: the spheroidal shapes always share a
spatial location with carbonate mineral precipitates. The spheroidal shapes are usually
encasing and/or at the core of crystal growth. The literature also maintains a pattern of
having a difficultly explaining why the relationship occurs (Folk R. , 1993; Kirkland
B.L., 1999).
The hypothesis that the spheroidal shapes were at one time nannobacteria (AKA
minute bacteriaforms, nanobacteria, organic globules and ultramicrobacteria) was first
pioneered by Robert L. Folk. The work on this idea continued with the hypothesis applied
to Viterbo Hot Springs in Italy, carbonate rocks in the Green River Formation,
Lighthouse Reef Blue hole, and Grand Cayman Island stalactite formations, human
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arteries, and pyrite formation on Mars (Folk, 1993; Mason, 2012; Dill et al., 1998; Jones
and Motyka, 1986; Schieber, 2009, Kirkland et al., 1999;). Though the environments
were different, similar trends appeared. Spheroidal shapes were in the vicinity and are
believed to somehow influence mineral precipitation. Other hypotheses suggest the
spheroidal shapes were formed by biofilms in authigenic carbonate precipitate
(Muralidhar et al., 2006).
Mineral precipitation experiments with organic molecules
Carbonate Formation
In 1979 Noel James wrote the simple phrase “Carbonates are born”, not formed
(Flügel, 2004). This set the main theme for carbonate sedimentation. Carbonates begin as
skeletal grains or precipitants. Compared to siliclastics, which are terrigenous sediments
from the breakdown of parent rocks and transported to their depositional environment.
More than 90% of carbonates found in marine environments are biological in origin.
Either they are biotically controlled by skeletal material determining composition or
organically triggered by microbes.
Carbonate sediments can be found on land or sea, but are usually found in three
major settings (Figure 2.2): 1) on the continents at the transitional margin or coastline; 2)
in shallow seas, (today about 10% of carbonate production occurs here); and 3) over the
deep sea by mostly calcitic plankton (90% of production). However, 70% of research in
carbonate environments focused on Phanerozoic depositions when the majority of
production occurred in shallow marine areas. This research is driven by economic
reasons (Flügel, 2004).
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Figure 2.2

Three major settings of carbonate sediment formation (Flügel, 2004).

Microbial carbonate formation has three main processes. Trapping of sedimentary
particles, bio-mineralization, and precipitation of minerals on organisms or sediment
(Flügel, 2004). Concepts of bio-mineralization and precipitation of minerals on organics
have helped derive this project. The term microbolite is commonly given to an
environment where benthic microbial communities have trapped and bound sediment and
formed mineral precipitation (Riding et al., 1991). Unlike algal mats or stromatolites,
microbolite is used for non-laminated microbial carbonates (Gerdes, 2007).
Microbial Importance
Bacteria particularly cyanobacteria are key in the formation of microbial
carbonate rocks and are the primary organism in developing carbonate structures,
especially with increasing depth (Riding, 2000). Most bacteria are anaerobic heterotrophs
that can occupy dark anaerobic environments for example, sediment pore spaces, for
sulfate reducing bacteria (Hu et al., 2012). This is usually through redox processes
(Fenchel and Finlay, 1995). Cyanobacteria, also known as cyanophytes, are aerobic
phototrophs with a geologic history from as far back as the Archaean. They are capable
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of photosynthesis or gas fixation and thrive in the water column, especially near the
sediment-water threshold. Many bacteria obtain their energy by degrading minerals and
other materials. This mineral dissolution is a key aspect of the weathering process and
makes microbes important to the biogeochemical cycle of elements (Riding, 2000).
Bio-mineralization
Bio-mineralization is the process by which organisms form minerals (Weiner,
2003). This process was first just called calcification, but as more biogenic minerals were
discovered in preserved and altered organic material the term biomineralization was
coined. Microbes interacting with minerals can create a sequence of biogeochemical
reactions that cause biomineralization of organic material. About 50% of known
biominerals are calcium-bearing. This is because calcium plays many fundamental roles
in cellular metabolism. Also, calcium carbonate minerals are the most abundant and best
distributed among taxa. Unfortunately, 25% of biominerals are amorphous and therefore
do not diffract x-rays in a predictable pattern. Of carbonate minerals, seven, are
crystalline, with a unique diffraction pattern which diffracts x-rays, and one type is
amorphous with a lack of crystal structure. Phosphates make up the other 25% of
biominerals. The most common is hydroxyapatite or dahllite. The mineral is common in
vertebrates as well as marine invertebrates (Weiner and Dove, 2003; Lowenstam HA,
1989).
The mechanism for soft tissue preservation in marine deposits is not fully
understood. Multiple theories exist. The first is the “Medusa effect” where rapid
lithification is the main driving force. This has been described in small-scale preservation
and compared to cellular permineralization (Martill, 1988 in (Riquelme et al., 2013), but
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the mechanisms remain unexplained. The second method applies to larger-scale
preservation of organic material and is believed to be caused by in situ growth of
minerals. This depends on several factors like microbial activity availability of ions, and
possibly the organism itself. This soft tissue biomineralization is believed to be possible
based on a theory called the “crystal seed method”. This theory suggests that the
microbial environment controls phosphatization, and bacteria cells act as nucleation
points (Riquelme et al., 2013). Rapid nucleation would interrupt organic decay and begin
to mineralize the cells and cell structures of the organic material (Martill, 1988). This
theory relies on the idea that these microbial environments are constricted to limited
depths and occur in association with and or create supersaturated solutions (Dornbos,
2010; Weiner and Dove 2003).
Nucleation points in carbonate mineral formation
Literature on nucleation of carbonate minerals is very qualitative and rarely
touches on the kinetics of the process, which remains poorly understood (Besson, 2013).
Nucleation of calcium carbonate on microbial cell material is now considered a dominant
mode of carbonate formation throughout Earth’s history. Microbial involvement in clay
formation and dolomite have also been published. (Newman et al., 2016; Krause et al.,
2012). The hypothesis is that the nucleation takes place on the cell surface or other
extracellular polymeric substance. Previous research has shown that nucleation processes
rather than microbial metabolisms may control microbial carbonate formation in calcium
rich environments (Bosak and Newman, 2003).
The majority of the evidence for the microbial and carbonate crystal growth
relationship is the close spatial relationship they share (Van Lith et al., 2003). The
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majority of laboratory work/experiments provide(s) indirect evidence. Because microbial
cell surfaces carry a negative electric charge and therefore can bind Ca2+ ions they have
been frequently cited as areas of carbonate nucleation. If calcium carbonate nucleation
does take place on a cell it would probably lead to cell entombment and eventually death.
Microbes in the experiment only had a life span of a few hours (Van Lith et al., 2003;
Dupraz et al., 2004; Aloisi et al., 2006).
Previous experiments to show the nucleation points on cells or other extracellular
organic material were positive, but the overall results were inconclusive. In Krause et al.,
2012, Desulfobulbus mediterraneus a marine sulfate reducing bacterium was introduced
into a Mg2+ and Ca2+ saturated solution. Dolomite crystals precipitated excessively within
or attached to spheroidal extracellular organic material (Figure 2.3). The Ca2+ and Mg2+
ions seemed to effectively be binding to the extracellular material (Krause et al., 2012).
In Bosak and Newman, 2003, D. desulfuricans strain bacteria was used in a
bicarbonate medium. Unlike D. mediterraneus, D. desulfuricans is not a sulfate reducing
organism, but is a facultative anaerobe. Therefore, it can survive in a oxygenated
environment through aerboic processes. It is, however, capable of switiching to anerobic
respiration, if needed. It is usually found in the human gut and is distantly related to E.
coli HB101. The bacterium was also introduced to nigericin to collapse its membrane and
to UV light, to prevent cell division. This stops the cells metabolic process. The
bacterium still modified its medium to precipitate 82% more calcite than the controls
with the same medium. SEM images showed large amounts of crystal growth on the
bacterium and its spherical extracellular material, released when the membrane collapsed
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(Figure 2.4) (Bosak and Newman, 2003). This is a good example of how nonmetabolic
processes and organic substrates for nucleation can promote carbonate mineral growth.

Figure 2.3

Dolomite crystals with spheroidal extracellular organic material as a
potential nucleation site (Krause et al., 2012).

Figure 2.4

Carbonate crystal growth on spherical extracellular material (Bosak and
Newman, 2003).
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pH and activation energy
Most living things depend on a certain pH to maintain life. The unit pH measures
the amount of acidity or basicity of a solution by quantifying the amount of hydrogen
ions in a concentration (HACH, 2008). In the precipitation of calcium carbonate, the
power of hydrogen ions (pH) and saturation index (SI) play crucial roles. A positive
saturation index (SI) will not precipitate calcium carbonate until a certain degree of
supersaturation has been reached. This is because supersaturation is a function of the
activation index. Stable nuclei can only form after the activation index has been reached.
The rate of nucleation is a function of the activation energy.

(1)
J = A exp (-∆𝐺𝑎 /kT) = A exp [-C/(𝑆𝐼)2 ]
Where A and C are constants of the efficiency between calcium and carbonate ion
collisions [~1030 𝑐𝑚−3 𝑠𝑒𝑐 −1]. ∆𝐺𝑎 is the activation energy (HACH, 2008).
(2)
∆𝐺 ∝ 𝑆𝐼
Free energy homogenous nucleation increases linearly with SI as does pH:
(3)
𝐽 ∝ exp(∆𝐺)
The nucleation rate J increases exponentially with free energy nucleation:
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SI therefore increases linearly with pH. The value of J with increase
exponentially. A pH lower than 7.2 or higher than 7.9 stops carbonate formation (Bosak
and Newman, 2003). The higher the pH the lower the solubility of calcium carbonate.
For calcium carbonates to form a pH range of 7.3-7.8 is needed. For every 0.2 drop in pH
a two-fold drop in carbonate follows. Therefore, a 1.0 pH drop is equivalent to a 10-fold
reduction in carbonate precipitation. As pH drops its carbonate form, CO3-, begins to
break down and create hydrogen carbonate (HCO3-), which in turns raises the solubility
of calcium carbonate (Reefkeeping, 2006). Bellow a pH of 7.2 calcium saturation is
inadequate to reach the activation required (Bosak and Newman, 2003).
It is believed that microorganisms and their extracellular polymeric substances
(EPS) reduce the amount of free energy needed to precipitate calcium carbonate. In this
passive precipitation method, alkaline conditions can allow to free Ca2+ ions to cause
nucleation on the EPS matrix. The alkalinity could be seasonal or caused by high rates of
sulfate reduction. Sulfate reducing bacteria could oxidize organic carbon producing
HCO3-. In active precipitation areas 3-4% of total carbon created through photosynthesis
was incorporated in new EPS and up to 60% of that was degraded to CO2 within 24
hours. Nearly half of all uptake by cyanobacteria was excreted as low molecule-weight
organic carbon. The low molecular-weight organic carbon is rapidly consumed by
aerobic and anaerobic bacteria near surface layers where calcium carbonate precipitates
(Figure 2.5) (Dupraz et al., 2008).
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Figure 2.5

The effect of bacteria and EPS on biotic and abiotic processes (Dupraz et
al., 2004).

Organic samples used
Palmitic acid
Biofilms are formed by bacteria on any surface. This is dominated by sessile cells
among organic residue. Palmitic acid is a known supplement for cell culture systems. It is
used often by bio-manufacturers and tissue engineers as a medium supplement. Palmitic
acid is also used to manufacture heterologous proteins. Palmitic acid in cell culture
system is used for long-term energy storage. The energy is from nicotinamide adenine
dinucleotide, a phosphate, which is an energy producer for proteins in life. When palmitic
acid begins to degrade, like all fatty acids it releases energy (Sigma-Aldrich, 2014).
Palmitic acid can be found in carbonates. A tropical marine strain of Serratia
marcesens, which was isolated from a coral Symphyllia sp. had a glycolipid, a
carbohydrate lipid composed of glucose and palmitic acid (Imbert, 2016). Although it is
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not known if the palmitic acid could naturally break into solution in a marine
environment.
Urease
Urease enzymes are found in many bacteria, fungi, biofilms, and algae. Large
urease concentrations can raise pH levels and encourage the production of ammonia.
Urease is known in the medical world as a carbonate mineral producer. Urease producing
bacteria like Helicobacter pylori increase pH of the urine, which cause crystals of
calcium carbonate to form. These bacteria also create thick biofilms, which can block the
flow of catheters over a 96-hour period and raise the pH to 7.4 (in range for calcium
carbonate production) (Broomfield et al., 2009).
Stearic acid
Stearic acid and palmitic acid are the two most common type of fatty acids in
marine environments (Nguyen et al., 2017). Stearic and palmitic acid are commonly
found in all environments that contain life, because it is a biosynthetic pathway acid that
stores energy (Monroig et al., 2013). As it begins to break down the energy is released
into the environment. In (Hermansson and Marshall, 1985) Vibrio MH3 a non-adhesive
marine bacteria was observed attracted to surfaces of stearic acid to take up the fatty acid
for energy (Lappin-Scott, 1995; (Hermansson and Marshall, 1985).
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Authigenic Carbonate Rock Imaging and Analysis
Background
History of Methane Seeps
The rock record shows that cold-water seeps have been active for millions of
years (Hovland, 2007). These seeps nicked named “hotspots of biological activity” have
been found all around the world. Mud volcanos were some of the first studied geologic
features, which drove biological activity with the expulsion of hydrocarbon fluids.
Pockets of gas would build pressure beneath layers of sediment, until finally exploding
(Whelan, 2004). Most of the expelled fluid is saturated with biogenic methane and gas
hydrates (Ginsburg et al., 1999).
Because these features, termed mud volcanos, are restricted to the orifice, high
flow rates cause the methane fluids to oxidize only a few millimeters above the sediment.
The oxidation is caused by aerobic methanotrophs (Niemann et al., 2006). Surrounding
the area are zones of lower fluid flow, which allow filamentous bacteria to create large
white mats. These filamentous bacteria thrive off of the high sulfide penetrating through
the sediment and cause high rates of methane oxidation. Further out from the mud
volcano orifice, in lower energy shallow environments, tubeworms can be found feeding
off of the sulfide (De Beer, 2006).
Methane hydrates on continental margins are now being studied thoroughly for a
number of reasons. First, the abundance of the deposits was not known 10 years ago, and
many of the first deposits were initially compared to hydrothermal vents (Matsos, 2006).
The shallowness of some of the deposits allows the methane, or methane oxidized to CO2
by the microbes, to be released into the atmosphere. With an estimated 700,000 trillion
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cubic feet of methane deposits around the world it could strongly affect global climate
change. Third, the shallowness of the deposits allows for energy exploration to be
economically possible. In the Arctic methane hydrates are being explored as a significant
energy resource (Muir, 2009). Fourth, the abundance of diverse microbial communities
that have been built and evolved to thrive in these methane seeps.
Cold seeps were first studied off the Gulf coast of Florida in 1983. They were
believed to only occur in tectonically active areas where hydrogen sulphide and methane
would leak out of brine pools. The methane interacting with bacteria would allow the
production of carbonates to precipitate in the area (Woodward, 2012). Research
conducted on this seep was often compared to hydrothermal vents found in the late
1970’s. However, it was not known until later that the sulfide used for chemosynthetic
processes was derived from the decomposition of dead organisms and not from the
Earth’s crust like hydrothermal vents (Matsos, 2006).
Environmental and Energy implications
Cold-water seeps can be found in shallow continental shelves. This allows for the
methane gas to reach the surface and enter the atmosphere. Methane is known to hold 25
times more heat than CO2 (Pettus, 2009). At the Fourth Inter-Governmental Panel on
Climate Change (IPCC) the decomposition of methane hydrates was acknowledged as
potential global warming scenario. It is difficult to create prediction models on how the
gas hydrates may affect atmospheric chemistry because the distribution and magnitude of
the methane hydrates is still unknown. Large, deep-sea methane hydrate deposits are
believed to be stable from the effects of climate change. Other substantial-sized
reservoirs on coastal shelves have been becoming unstable due to warming of the ocean
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waters (Muir, 2009). In the Arctic region where warmer conditions are causing sea ice to
retreat more than 250 plumes of gas bubbles have been found emerging from the
continental margin (Gentza et al., 2014).
Multiple energy firms and countries are researching the potential exploration of
these methane seeps. In the Arctic ownership of mines and minerals in the offshore
seabed fall under the United Nations Convention on the Law of the Sea allowing coastal
states to explore these resources up to 200 nautical miles offshore. Because most of the
methane seeps in interest are emerging from the continental shelf region those states may
explore them (Muir, 2009).
Exploration of the methane hydrates may be difficult, because the hydrates are
extremely fragile to temperature and pressure. They may easily dissociate when removed
from the shelf. The hydrates are also extremely unstable and volatile; forcing tedious
safety measures to be used. The removal of the hydrates may break the seal releasing the
methane into the ocean. Engineers are working on stabilizing additives that may be used
during the drilling processes to more safely remove the hydrates (Muir, 2009).
Seep formation
The methane hydrates are originally in a crystalline form similar to ice. The
hydrates are a sedimentary mineral that occurs in marine sediments, mostly continental
shelf and permafrost areas. The methane hydrate consists of methane molecules
assembled in a crystal lattice. These hydrates are particularly being held together by
pressure, and usually cannot exist stable above 250 m deep (Garg, 2008). When found in
continental slopes and rises, the hydrates are usually destabilizing. In deep sea sediments
they are trapped bellow 250 meters and are stable. This is known as the hydrate stability
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zone. In cold climate, terrestrial wetland permafrost keeps hydrates from destabilizing.
The methane trapped in the hydrates came from microorganisms. The microorganisms
produce methane as a byproduct of consuming decomposing organic matter (Lonero,
2005). This is through microbial reduction (Muir, 2009).

The hydrate stability zone (HSZ) covers, in the northern latitude to around 530
meters in depth to the southern latitudes at 250 meters in depth. Two types of methane
are usually found in the HSZ. The first is in-situ methane generation, which is a less
abundant crude conversion of biomass to methane (Garg, 2008). The second is a deep
methane influx, where gases are created by bacteria decomposing organic sediments.
This process can create 99.99% pure methane gas (Pfeffer, 1978).

Anaerobic oxidation of methane (AOM) was first discovered in 1976 as the
driving force of sulfate reduction in marine organisms (Reeburgh, 1976). It is still a
controversial subject of microbial ecology. The main source in oceans for methane
production is sub-seafloor methane flux in which AOM plays a major role (Jagersma,
2009). In this process, methane is consumed by microbial mediated sulfate reduction.
The microbes responsible are anaerobic methanotrophs in three different phylogenetic
clusters ANME-1 ANME-2 and ANME-3 and sulfate reducing bacteria (Cui, 2015). The
AOM communities are found in anoxic environments where methane comes in contact
with oxidants and where active methanogenesis occurs (Figure 2.6). AOM is a sink for
large amounts of methane produced in marine sediments. AOM has thermodynamic
restrictions, mostly from energy restrictions. AOM must produce adenosine triphosphate
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(ATP), which requires at least 50 kJ of energy for normal for metabolic reactions to
maintain cellular processes. Many of the AOM are in very low energy areas, which range
-16 kJ’s. A large part of the misunderstanding on how AOM communities thrive centers
around the need for a better understanding of the where the source of their energy is
derived from (Caldwell et al., 2008). However, the exact mechanism of AOM is still
unknown (Cui, 2015).
Aerobic methane-oxidizing bacteria use methane as their only source of energy.
Aerobic methane-oxidizing bacteria oxidize the methane produced by anaerobic
metabolism of methanogenic archaea. This process is responsible for converting the
methane trapped in the water column into the CO2. The CO2 then acidifies the oceans and
removes oxygen. These bacteria can be found in many different environments including
marine and fresh waters (Chen, 2010).
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Figure 2.6

Aerobic methane oxidation in AOM communities (Jagersma, 2009).

Authigenic Carbonate Rock Formation
Authigenic carbonate formation at hydrocarbon seeps is caused by disequilibrium
of seawater and methane or other hydrocarbons that have moved through the sea floor.
Methanotrophic biological communities are found in these areas and contribute to the
disequilibrium. Chemosymbiotoc fauna is even supported by the anaerobic oxidation of
methane (AOM). Authigenic carbonates have a wide range of mineralogical and
carbon/oxygen compositions dependent on the environmental conditions of their
precipitation. Typical high to low Mg calcite, dolomite and aragonite are found. The
composition of the carbonate rock along with the carbon/oxygen isotopic compositions
can record the chemical, biological and physical interactions it had. Authigenic
carbonate rock formations are also very good time indicators (Thomas, 2007).
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US Atlantic Margin methane seeps
Prior to 2012, on the northern US Atlantic margin, only three methane seeps were
originally recognized on the seaward side of the continental shelf (Ruppel, 2014). Two of
the three seeps occurred above salt-diapirs. In the past couple of years over 570 gas
plumes were discovered at depths between 50 m to 1700 m. This seepage is similar to
what is found in the Arctic, caused by hydrate degradation. Some authigenic carbonates
show evidence that some of these seeps have been active for over 1,000 years (Skarke A.,
2014). Cold seeps are expected to be found near tectonically active areas like plate
boundaries or petroleum basins. Warming of ocean temperatures have caused the gas
hydrates to become unstable and caused the first detectable seeps at mid-latitudes. Most
of the seeps found along the northern US Atlantic margin are too deep for the methane to
reach the atmosphere. However, the methane remains in the water column and can be
oxidized to CO2. This directly affects marine ecosystems as it acidifies the ocean waters
and reduces oxygen levels (Ruppel, 2014).
Groundwater discharge may also contribute to methane seeps. The Hudson
Canyon extends onto the continental shelf. In previous studies the water column in the
canyon had unexplained high amounts of methane values. Now at least 50 methane
plumes have been found in the Hudson Canyon. These seeps are extremely shallow less
than 180 m and may potentially allow the methane to directly reach the atmosphere
(Figure 2.7).
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Figure 2.7

Influence of groundwater on methane seeps (Ruppel, 2014).

The methane being released is believed to be microbial methane. Microbial
methane is found beneath the sulphate reduction zone where AOM is most active. Along
the United States Atlantic Margin gas plumes are distributed into 69-87 seep clusters and
some individual seeps. In the Hudson Canyon water column and on the Virginia outer
shelf methane concentrations of more than 100 nM were measured. High methane
concentrations were also measured off the upper slope of New Jersey. One cluster had
over 240 seeps between the Baltimore and Washington Canyons (Figure 2.8). No seeps
were found between Wilmington Canyon to Atlantis Canyon. This is possibly because of
a lithological change as well as erosion in the area (Skarke et al., 2014).
The area of interest consists of Pleistocene shelf edge deposits that act as a type of
seal. In areas where large numbers of seeps are found the Pleistocene shelf sediments are
heavily eroded or even missing east of the Atlantis Canyon. Smaller scale seeps are
associated with canyons along their ridges or areas of eroded upper-slope deposits. The
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largest canyon is the Hudson, where more than 100 nM of methane were measured in the
water column. In between the Wilmington Canyon and Atlantis Canyon no methane
seeps were detected. This is possibly because the section has thinner post-cretaceous
sediment with higher sand content. This promotes non-seep gas conditions, and may also
indicate intact Pleistocene shelf edge deposits (Skarke et al., 2014).

Figure 2.8

Methane seeps along the US Atlantic Margin (Ruppel, 2014).
Samples Collected

The samples for this project were recovered by Dr. Adam Skarke on July 6, 2016
during the National Oceanographic Laboratory System (UNOLS) research cruise. The
three cold water methane seep carbonate rocks were recovered off the U.S. Atlantic
Margin. The first sample, number AD4828-BB2-17 and second sample, number
AD4828-BB2-16 were recovered at 1421.2m in depth at 39.805063 degrees’ latitude and
-69.593359 degrees’ longitude. The third and larger sample number AD4835-BB-4522
31

was recovered at 1419.6m at 39.805860 degrees’ latitude and -69.592593 longitude (see
Figure 2.9). The samples were located near cold water methane seeps near the upper
ridge of the Veatch Canyon and show signs of microbial precipitants (Figure 2.10).

Figure 2.9

Collection site for the three samples.

Figure 2.10

Collection site on the Veatch Canyon for the three samples.
32

IMAGING THE ORGANIC AND MINERAL INTERFACES IN THE VERMELHA,
BRAZIL MICROBIAL MAT
About This Chapter
The chapter is a journal article that will be submitted for publication in the Journal
of Sedimentary Geology. The authors are Maurice Testa, Kaitlyn Sabourin, Varun Paul,
and Brenda L. Kirkland. Note that several parts of the background information section
are from the introduction and literature review sections of the dissertation.
Introduction
The objective of this project is to test the hypothesis that organic structures
created by microbial processes induce precipitation of carbonate minerals. As the
microbial algae mat decayed it began to calcify. The transitional zone between the living
microbial mat and the calcified layer was chosen specifically to image the interface
between organic compounds and carbonate precipitate. The hypothesis to be tested is that
a visible spatial relationship occurs between carbonate precipitation and organic material,
and that the organic material may be acting as a nucleation site for mineral growth. The
methodology of using a transmission electron microscope was suggested because of its
ability for transmitted imagery at high magnification. The TEM images presented herein
provide clear images of the interface between cells, amorphous organic compounds, and
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carbonate minerals. This research is significant because it images the interface between
carbonate minerals and organic material and may help shed light on why the spatial
attraction occurs and what benefits does the carbonate minerals gain from using the
organic material as a nucleation site.
Evidence of microbial mats have been found in the rock record since the late
Precambrian. Representing one of the earliest ecosystems on Earth. Previous work on
Algal mats studied their effects on the local environments and microbial contribution to
mineralization (Pacton et al., 2014). This process is called organomineralisation, a term
usually used for microbial mats because of how the microbes mediate the formation of
mineral layers (Perry, 2007). The mediation between organic and mineral growth
suggests a close relationship exists. However, the mechanism is still misunderstood. To
better understand the mechanism of organomineralisation the transitional area between
living organism and mineral growth must be further explored. The objective of this
project is to image the transitional area with a Transmission Electron Microscope and test
the hypothesis that organic structures created by microbial processes induce precipitation
of carbonate minerals.
Background Information
Microbial Mats currently living in Lagoa Vermelha, Brazil have been studied
because their hypersaline chemical, mineralogical and biological conditions are similar to
environments of the Precambrian. Previous work on these mats focused on dolomite
precipitation influenced through sulfate reducing bacteria (Vasconcelos and McKenzie,
1997; Van Lith et al., 2002). This work discovered a natural environmental organization
of microbial layers in the mats. Photosynthetic microbes were discovered toward the top
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of the mats where heterotrophic and sulphate reducing bacteria were found toward the
lower layers of the mat. The photosynthetic microbes are affecting the CO2 fixation
levels of the environment. The sulphate reducing bacteria is affecting the local
environments pH (Vasconcelos et al., 2006). In (Pacton et al., 2014) SEM and TEM
imagery showed evidence of spheriodal structures identified as nanno-spheres near
mineral precipitation. This was interpreted as the early stage mineralized nano-particles
attracted to organic prokaryote cells or possibly even viruses (Figure 2.5).
Bacteria particularly cyanobacteria are key in the formation of microbial
carbonate rocks and are the primary organism in developing carbonate structures,
especially with increasing depth (Riding, 2000). Most bacteria are anaerobic heterotrophs
that can occupy dark anaerobic conditions for example, sediment pore spaces, for sulfate
reducing bacteria (Hu et al., 2012). The reduction of sulfate is usually through the redox
processes (Fenchel and Finlay, 1995). Cyanobacteria, also known as cyanophytes, are
aerobic phototrophs with a geologic history from as far back as the Archaean. They are
capable of photosynthesis or gas fixation and thrive in the water column, especially near
the sediment-water threshold. Many bacteria obtain their energy by degrading minerals
and other materials. This mineral dissolution is a key aspect of the weathering process
and makes microbes important to the biogeochemical cycle of elements (Riding, 2000).
Bio-mineralization
Bio-mineralization is the process by which organisms form minerals (Weiner,
2003). This process was first just called calcification, but as more biogenic minerals were
discovered in preserved and altered organic material the term biomineralization was
coined. Microbes interacting with minerals can create a sequence of biogeochemical
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reactions that cause biomineralization of organic material. About 50% of known
biominerals are calcium-bearing. This is because calcium plays many fundamental roles
in cellular metabolism (Lowenstam, 1989 in (Weiner, 2003)). Also, calcium carbonate
minerals are the most abundant and best distributed among taxa. Unfortunately, 25% of
biominerals are amorphous and therefore do not diffract x-rays in a predictable pattern.
Of carbonate minerals, seven, are crystalline, with a unique diffraction pattern which
diffracts x-rays, and one type is amorphous with a lack of crystal structure. Phosphates
make up the other 25% of biominerals. The most common is hydroxyapatite or dahllite
(Lowenstam and Weiner, 1989 in (Weiner and Dove, 2003)). The mineral is common in
vertebrates as well as marine invertebrates (Weiner and Dove, 2003)
The mechanism for soft tissue preservation in marine deposits is not fully
understood. Multiple theories exist. The first is the “Medusa effect” where rapid
lithification is the main driving force. This has been described in small-scale preservation
and compared to cellular permineralization (Martill, 1988 in (Riquelme et al., 2013). But
the mechanics have not been explained. The second method applies to larger-scale
preservation of organic material and is believed to be caused by in situ growth of
minerals. This depends on several factors like microbial activity availability of ions, and
possibly the biology of the organism. This soft tissue biomineralization is believed to be
possible based on a theory called the “crystal seed method”. This theory suggests that the
microbial environment controls phosphatization, and bacteria cells act as nucleation
points (Riquelme et al., 2013). Rapid nucleation would interrupt organic decay and begin
to mineralize the cells and cell structures of the organic material (Martill, 1988). This
theory relies on the idea that these microbial environments are constricted to limited
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depths and occur in association with and or create supersaturated solutions (Dornbos,
2010; Weiner and Dove 2003).
Methods
Sample Collection
The microbial algal mat was collected from a salt pond in Lagoa Vermelha, Brazil
by Dr. Brenda Kirkland in December 2009 with assistance from the late Dr. Wayne of
Texas A&M University and employees of Petrobras. It was placed in a deep watch glass
container, set in the sun and kept wet by occasionally covering it with salt water
(commercially available Instant Ocean) or simply adding tap water as the artificial sea
water evaporated.
Thin Section Analysis
Thin sections were created to locate areas of interest to further analyze with TEM.
Areas of interest were initially selected for TEM imaging by visual identification of
layers of white to grayish coloration within the gelatinous mat. Additional initial
examination was done using a Nikon Eclipse E400 POL microscope.
Thick Section Creation
Multiple thick sections of the microbial algal mat from Vermelha, Brazil were
created at the Institute for Imaging and Analytical Technologies at Mississippi State
University. The samples were chosen from the thin section analysis. The chosen samples
were fixated and then stained with osmium tetroxide. The thick sections were allowed to
air dry for 24 hours. The samples were then sectioned to an estimated 80 nm for analysis
using a glass blade.
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Transmission Electron Microscopy
Sectioned samples were carefully placed on a copper 300 count TEM grid for
analysis. Five thick sections were analyzed using A JEOL 1230 120KV TEM and
inspected at 10,000 x to 300,000 x and 120 KV.
X-Ray Energy Dispersive Spectroscopy
A X-EDS spectrometer attached to the JEOL 1230 120KV TEM and Oxford
Instruments INCAEnergy+ software was used to conduct electron beam-induced X-ray
elemental analysis on the crystals and dark transitional cores to determine chemical
composition.
Results
Stereoscopic Microscope Observations
Stereoscopic microscope analysis shows a significant change of the algae sample
between when the sample was collected in 2009 and currently. When the algae were
collected in 2009 the sample was very well structured, but relatively thin. The active and
living photosynthetic zone is dark green in color at the top surface. A thin 1 mm thin
calcitic layer separated the living material from the organic dark mud that was collected
with the algae (arrow Figure 3.1).
Analysis of the sample recently shows the algal mat has changed over time. The
living section now has a lighter green coloration (Figure 3.2). The white calcitic layer still
exists but has grown from a thin zone barely 1 mm thick to a to a zone of calcification 35 mm thick (arrows Figures 3.2, 3.3). Analysis of these images counting light-colored
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pixels using Photoshop software suggested that the increase in calcification was
approximately 15 (Sabourin, 2016).

Figure 3.1

Algal mat at the time of collection (December 2009) from a salt pond near
Lagoa Vermelha, Brazil. The white layer is approximately 1 mm thick
arrow.

Figure 3.2

A portion of the same algal mat photographed in 2016. The white layer is
still present, but has expanded to a thickness of 3-5 mm below the original
1 mm thick layer. (Photo courtesy Kaitlyn Sabourin).
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Figure 3.3

A portion of the same algal mat photographed in figures 3.1 and 3.2. This
image was taken September 2017. The thick white layer is outlined by the
arrow.

Transmission Electron Microscopy
Algal mat was left in saline waters for seven years. The calcification was obvious
through visual inspection as the algae began to turn gray. The transitional area of the
algal mat between the gelatinous microbial biofilm to the white to gray calcified zone
was physically removed using a X-acto knife and prepared for transmission electron
microscopy analysis by staining the sample with eosin and encasing the algae in epoxy.
The embedded algal mat was then sectioned using a glass blade and mounted onto a 300count copper TEM grid. TEM analysis was conducted on a JEOL 1230 120KV TEM at
10,000x to 300,000x magnification at 120KV. The TEM was used to take a high
magnification image that created a transparent photomicrograph of the algae and also to
assess the crystalline structure of precipitates. The over-riding goal of this research is to
better understand the relationship between the carbonate minerals and organic material by
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imaging and analyzing the interface between the living algal mat and the calcified
section.
TEM micrographs of the transitional areas showed an abundance of spherical,
unruptured structures that measure 0.5 to 4 µm in diameter. Circular structures are
sections through cyanobacteria. The thin line of dark spots around the circular structures
were believed to have been mucilaginous material. Darker elongate areas are aragonite
crystals, some appear to be nucleating on cell walls or the outer margin of mucilaginous
sheath. The dark amorphous structures are consistently present between cellular material
and crystal growth (Figure 3.4). White areas appear where the section has ripped by the
glass blade during sample preparation. Aragonite crystals appear to have nucleated on
the outer rim of the mucilaginous sheath of cyanophytes in the algal mat. Aragonitic
crystals in a single botryoid all appear to have initiated precipitation from the same single
spot on the cell wall as a site of nucleation (Figures 3.5 and 3.6). Supporting TEM
Micrographs can be found in Appendix Chapter A.
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Figure 3.4

TEM micrograph shows the dark structures are near the cellular walls. The
dark structures act as a nucleation site for the aragonitic crystals.
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Figure 3.5

TEM micrograph of cellular structures in the cell wall of the cyanophyte.
Crystal growth is found growing along the cellular walls.
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Figure 3.6

TEM micrograph of cellular structures in the cell wall of the cyanophyte
algae. Magnified image from the previous image.

Figure the botryoids are seen radiating outwards from the dark structures, in many
cases multiple botryoids surround the amorphous dark structures. (Figure 3.7) is a
micrograph of the magnified center around two amorphous dark structures where
botryoids are nucleating from. This micrograph shows carbonate proto-crystals, small
crystals in early stages of formation which are surrounding the amorphous textures.
Voided space can all be seen around the amorphous structure.
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Figure 3.7

TEM micrograph of the algae shows aragonitic crystals using the dark
amorphous spheroids. Light colored internal sections seem to possible be
composed of smaller proto-crystals. Darker section is of denser aragonitic
crystals.

45

Figure 3.8

TEM micrograph is a magnified image of the previous micrograph. The
area around the dark structures has an abundance of aragonitic
protocrystals.

X-Ray Energy Dispersive Spectroscopy
Elemental analysis using a X-EDS spectrometer which is attached to the TEM
was used to determine the elemental makeup of the crystals and dark spheroids. Both
point scans and elemental mapping of the areas of interest where used. This was used to
determine how the dark spheroids were influencing nucleation.
Electron image 1 (Figure 3.9) shows aragonitic botryoids radiating from
amorphous dark structures at the botryoids core. X-EDS analysis (Table 3.2) shows that
the aragonitic needles make up 86.4 wt% of carbon. The oxygen at 9.4 wt%, silicon at 1.8
wt%, magnesium at 1.1 wt% and calcium at 0.4 wt% is found primarily in the amorphous
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dark structures the aragonite uses as a nucleation (Figure 3.10). Other examples of
similar results can be found in Appendix Chapter A.

Figure 3.9

TEM micrograph of the X-EDS mapped area. Image shows aragonitic
crystals radiating from dark structures.
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Figure 3.10

Elemental spectrum of Image 1 (Figure 3.9).
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Table 3.2

Elemental map analysis of (Figure 3.9).
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X-EDS elemental map of oxygen, silica and magnesium for site 1 (Figure 3.9). Elemental
maps show the dark spheroids contain larger concentrations of oxygen, silica, and
magnesium.
Dark amorphous spheroids are found randomly distributed throughout the TEM
micrographs (Figure 3.11). Spheroids seem to act as an intermediary between the crystal
growth and cellular structures. The X-EDS elemental summary (Figure 3.12) from a map
scan shows as expected carbon makes up 71.5 wt% of the micrograph. This is primarily
from the cellular structures as expressed in the carbon elemental scan. Oxygen makes up
7.7% which is primarily found in the amorphous structures. Silica and magnesium
makeup less than 5 wt% combined but are also primarily in the dark amorphous
structures (Table 3.3).
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Figure 3.11

TEM micrograph of the X-EDS mapped area for site 3. Image shows dark
amorphous spheroids (arrows) near aragonitic crystals.
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Figure 3.12

Elemental spectrum of Image 1 (Figure 3.11).
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Table 3.3

Elemental map analysis of (Figure 3.11).

X-EDS elemental map of oxygen, silica and magnesium for site 1 (Figure 3.11).
Elemental maps show the dark spheroids contain larger concentrations of oxygen.
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Discussion
Transmission Electron Microscopy (TEM) analysis was used in the attempts to
image the transitional area between the living section of the algae and the recently dead
and calcified section with the purpose of imaging how and where the carbonate crystals
were growing to test the hypothesis that this is a microbially influenced process. The area
of the microbial mat that clearly includes both calcification and living microbes was
embedded into epoxy and stained with eosin. The sample was then sectioned and
mounted onto a 300-count copper TEM grid. Samples, which were mounted onto a 300count copper TEM grid and analyzed within the first 48 hours after the sample was
sectioned produced clear and expected micrographs. However, sections that were
analyzed 4 days later showed the carbonate crystals had broken down. The micrographs
were still usable, but only outlines of where the carbonate crystals existed could be seen
(Figures 3.9, 3.11). This transition is interpreted as being caused by of long exposure to
the eosin dye. The dye slowly broken down the carbonate minerals, but did not harm the
organic material.
TEM micrographs of the transitional areas showed an abundance of spherical,
unruptured cellular structures that measure 0.5 to 4 µm in diameter (Figure 3.5). In many
cases, no internal structures of the cells were visible and are interpreted as having already
broken down. Therefore, these are just the cellular shells of the organisms that were once
present. Organic structures surrounding the cellular walls are interpreted as mucilaginous
sheath around cyanophytes either part of or contributing to the biofilm that is the
microbial mat.
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Along the cell walls, within the mucilaginous layer, carbonate crystals have
formed (Figure 3.6). The carbonate crystals are acicular and are arranged in radiating
patterns creating botryoid- like shapes. On average, the botryoids range between 300 nm
and 2 µm. The crystals seem to use the cellular wall and dark amorphous spheroids found
in between the cell walls and the botryoids as nucleation points. The dark spheroids are
interpreted to be amorphous structures composed of calcium, silica, and magnesium
based on X-EDS analysis. In some examples, the carbonate crystals seem to puncture
through or overlap the cell wall structures, suggesting that either crystal growth came
after the cell had expired or it caused the death of the cell.
Dark structures are the primary sites for crystal nucleation. Though some
carbonate crystals initiate precipitation directly off a cell wall, the primary nucleation
zones are the dark, amorphous structures (Figures 3.7, 3.8, 3.9, 3.16). Carbonate protocrystals surround the amorphous spherical structures. Voided open space surrounds the
amorphous structure. It is unknown whether the amorphous structure originally was
larger and took up more space or has broken down. It is hypothesized in this project that
the carbonate crystals use some of the elements from the amorphous structures to grow.
The carbonate botryoids, besides using the amorphous dark spheroids as
nucleation sites, have been found growing around the spheroids. It seems the amorphous
structures formed before the carbonate crystals. This suggests that the amorphous
structures may have acted as nucleation sites. In some examples, it seems as the
amorphous structures are attracted to the cell walls. This combination of cellular structure
and amorphous structures promotes the growth of carbonate botryoids (Figure 3.4).
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X-EDS was used to determine the elemental makeup of the carbonate crystals and
dark amorphous structures. The results from the X-EDS help shed light on why these
dark structures are acting as nucleation sites. The crystal structures are primarily
composed of calcium, carbon, and oxygen suggesting they are carbonate minerals. Traces
of magnesium were also detected, in the carbonate minerals. The inclusion of magnesium
along with the needle-like crystal structure supports the idea these crystals may be
aragonite. The amorphous spheroidal structures are primarily composed of calcium,
oxygen, silica and magnesium. It is hypothesized, that the amorphous dark structures are
a combination of free ions in solution primarily composed of ion, silica, magnesium, and
calcium. The ions are attracted to the cellular walls, because cell walls maintain a
negative charge, attracting the positive ions, which create these amorphous structures. As
the cellular walls begin to break down, the solution becomes supersaturated with carbon
and crystal growth begins. The carbonate crystals nucleate on the dark amorphous
structures, because they are banks for free ions in solution, primarily calcium and
magnesium which are used in carbonate mineral growth. This theory supports the TEM
micrograph observations showing how the carbonate minerals are attracted to the dark
amorphous structures as nucleation sites.
Conclusions
This paper is the first attempt to image and analyze the amorphous dark structures
found in the Vermelha, Brazilian microbial mat. The original hypothesis suggested the
dark structures would have been organic in nature. X-EDS analysis concluded it is
completely opposite.
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•

The crystals are composed primarily of carbon, calcium, and oxygen. This concludes
that they are carbonate minerals. Trace amounts of magnesium was found within
some of the crystals. The magnesium along with its needle like structure suggests
these minerals may be aragonitic.

•

The carbonate minerals are using the cellular wall structures as nucleation sites. This
can be seen in the TEM micrographs. This is possible because microbial cellular
structures carry a negative electric charge on their surfaces. This can attract Ca2+ and
bind them together (Van Lith et al., 2003; Dupraz et al., 2004 in Aloisi et al., 2006).
This attraction would also explain why the amorphous structures are found attached
to the cellular walls. The structures are made of positively charged ions attracted to
the negatively charged cellular walls.

•

The amorphous structures are primarily composed of oxygen, silica and magnesium.
It is hypothesized that the elements free in solution created the amorphous structures.
while the cellular structures were still alive. The amorphous structures did not form
after the cellular death because no structures were found inside the erupted cell
walls. The amorphous structures are acting as nucleation sites for the carbonate
minerals. Mineral formation is commonly found near sources of free positive ions
due to electrostatic attraction (Fairbairn, 1943). The carbonate minerals may be
electrostatically attracted to the surplus of oxygen and magnesium elements that
make up the amorphous structures. The surplus of free elements can promote crystal
growth and encourage nucleation of carbonate minerals.
The deterioration of the microbial mat supersaturated the area with carbon. The

decaying cellular material created a negative charge environment along the individual
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cell walls. This attracted free ions in solution to form amorphous structures of calcium,
oxygen and magnesium. The negative charge along the cellular walls also encouraged
carbonate mineral growth to begin using the cell wall as a nucleation site. The amorphous
structures also acted as nucleation sites because of their abundance of free elements. This
encouraged carbonate crystal growth using the amorphous structures as nucleation sites.
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MINERAL PRECIPITATION WITH ORGANIC MOLECULES
About This Chapter
The chapter is a journal article that will be submitted for publication in the Journal
of Carbonates and Evaporates. The authors are Maurice Testa, Meghan Parrish, Marili
Vincent-Couture, and Brenda L. Kirkland. Note that several parts of the background
information section are from the introduction and literature review sections of the
dissertation.
Introduction
The objective of this project is to grow carbonate minerals with organic molecules
that are commonly found in biofilms. Organic molecules can modify the environments
they are found in. It is hypothesized these modifications can interact with carbonate
minerals and promote growth. SEM, TEM and EDS analysis was used to image the
interface between the organic molecules and carbonate minerals. The images are used to
further understand the interaction between organic molecules and carbonate minerals.
Areas of nucleation and the transitional zone between organic material and crystal growth
were studied to better understand how and why the relationship exists. This research is
significant because it shows that a spatial relationship does exist between organic
material and carbonate mineral growth. More importantly the organic material seems to
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be acting as a nucleation surfaces. These experiments represent similar patterns observed
in nature.
The precipitation of carbonate minerals is very important in the field of
sedimentology, and oceanography. Even limnology looks at how carbonate mineral
precipitation affects water purification and energy production. (T.F. Kazmierczak, 1982).
Since the 1970’s, when Robert L. Folk began exploring travertine deposits in Italy for
nannobacteria, debate has continued about the influence of organic material on crystal
precipitation. Structures 200-300 nm in size were thought to be simple organisms and
were first thought to be a primary controller for carbonate mineral growth. Continued
research into the 1990’s changed the role of nannobacteria into possibly mediators of
crystal processes originally thought to only be inorganic. Many sedimentologists
acknowledge that microbes can play a role in carbonate mineral precipitation, but the
method of their role is still debated.
Background Information
Microbial Importance
Bacteria particularly, cyanobacteria are key in the formation of microbial
carbonate rocks and are the primary organism in developing carbonate structures,
especially with increasing depth (Riding, 2000). Most bacteria are anaerobic heterotrophs
that can occupy dark, anaerobic conditions for example, sediment pore spaces, for
example, sulfate reducing bacteria (Hu et al., 2012). This is usually through redox
processes (Fenchel and Finlay, 1995). Cyanobacteria, also known as cyanophytes, are
aerobic phototrophs with a geologic history from as far back as the Archaean. They are
capable of photosynthesis or gas fixation and thrive in the water column, especially near
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the sediment-water threshold. Many bacteria obtain their energy by degrading minerals
and other materials. This mineral dissolution is a key aspect of the weathering process
and makes microbes important to the biogeochemical cycle of elements (Riding, 2000).
Nucleation points in carbonate mineral formation
Literature on nucleation of carbonate minerals is very qualitative and rarely
touches on the kinetics of the process, which remains poorly understood (Besson, 2013).
Nucleation of calcium carbonate on microbial cell material was is considered a dominant
mode of carbonate formation throughout Earth’s history. Microbial involvement in clay
formation and dolomite have also been published. (Newman et al., 2016; Krause et al.,
2012). The hypothesis is that the nucleation takes place on the cell surface or other
extracellular polymeric substance. Previous research has shown that nucleation processes
rather than microbial metabolisms may control microbial carbonate formation (Bosak and
Newman, 2003).
The majority of the evidence for the microbial and carbonate crystal growth
relationship is the close spatial relationship they share (Van Lith et al., 2003). The
majority of laboratory work/experiments provide(s) indirect evidence. Because microbial
cell surfaces carry a negative electric charge and therefore can bind Ca2+ ions they have
been frequently cited as areas of carbonate nucleation (Van Lith et al., 2003; Dupraz et
al., 2004 in Aloisi et al., 2006). If calcium carbonate nucleation does take place on a cell
it would probably lead to cell entombment and eventually death. Microbes in the
experiment only had a life span of a few hours (Aloisi et al., 2006).
Previous experiments to show the nucleation points on cells or other extracellular
organic material were positive, but the overall results were inconclusive. In Krause et al.,
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2012, Desulfobulbus mediterraneus a marine sulfate reducing bacterium was introduced
into a Mg2+ and Ca2+ saturated solution. Dolomite crystals precipitated excessively within
or attached to spheroidal extracellular organic material (Figure 2.7). The Ca2+ and Mg2+
ions seemed to effectively be binding to the extracellular material (Krause et al., 2012).
In Bosak and Newman, 2003, D. desulfuricans strain bacteria was used in a
bicarbonate medium. Unlike D. mediterraneus, D. desulfuricans is not a sulfate reducing
organism, but is a facultative anaerobe. Therefore, it can survive in a oxygenated
environment through aerobic processes, however it is capable of switching to anaerobic
respiration if needed. It is usually found in the human gut and is distantly related to E.
coli HB101. The bacterium was also introduced to nigericin to collapse its membrane and
UV light to prevent cell division. This stops the cells metabolic process. The bacterium
still modified its medium to precipitate 82% more calcite than the controls with the same
medium. SEM images showed large amounts of crystal growth on the bacterium and its
spherical extracellular material, released when the membrane collapsed (Figure 2.8)
(Bosak and Newman, 2003). This is a good example of how non-metabolic processes and
organic substrates for nucleation can promote carbonate mineral growth.
Organic samples used
Palmitic acid
Biofilms are formed by bacteria on any surface. This is dominated by sessile cells
among organic residue. Palmitic acid is a known supplement for cell culture systems. It is
used often by bio-manufacturers and tissue engineers as a medium supplement. Palmitic
acid is also used to manufacture heterologous proteins. Palmitic acid in cell culture
system is used for long-term energy storage. The energy is from nicotinamide adenine
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dinucleotide, a phosphate which is an energy producer for proteins in life. When palmitic
acid begins to degrade, like all fatty acids it releases energy (Sigma-Aldrich, 2014).
Palmitic acid can be found in carbonates. A tropical marine strain of Serratia
marcesens, which was isolated from a coral Symphyllia sp. had a glycolipid a
carbohydrate lipid composed of glucose and palmitic acid (Imbert, 2016). It is not known
if the palmitic acid could naturally break into solution in a marine environment.
Urease
Urease enzymes is found in many bacteria, fungi, biofilms, and algae. Large
urease concentrations can raise pH levels and it encourages the production of ammonia.
Urease is known in the medical world as a carbonate mineral producer. Urease producing
bacteria like Helicobacter pylori increase pH of the urine, which cause crystals of
calcium carbonate to form. These bacteria also created thick biofilms, which can block
the flow of catheters over a 96-hour period and raise the pH to 7.4 (in range for calcium
carbonate production) (Broomfield et al., 2009).
Methods
Precipitation experiments were conducted to further understand the interactions
between organic molecules and carbonate minerals. Palmitic, and stearic acids were used
in the experiments because they are commonly found in biofilms and overall in abundant
in nature. The samples were allowed to be grown for set amount of time between 18, 24,
and 48 hours. Each sample was then prepared and analyzed in SEM and TEM.
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Pre-precipitation Preparation
Glassware used in the experiments was sterilized using an autoclave for 30
minutes at 121°C. The glassware was then allowed to dry under a laminar fume hood.
Calcium oxide was created by heating 0.02 g of reagent grade calcium carbonate to 1000
°C. Each sample was heated for four hours.
Carbonate mineral precipitation
Three sets of experiments were conducted and in each experiment, each organic
molecule interacted with calcium oxide for 18, 24, and 48 hours. The pairing consisted of
palmitic and calcium oxide, stearic and calcium oxide and urease and calcium oxide.
Each paring contained 0.02 g of the organic molecule along with 0.02 g of heated
calcium oxide in 40 mL of sterilized, pyrogen-free water. Because the experiments were
testing the interaction with organic molecules and carbonate minerals, a sub-experiment
was created. Where palmitic acid was allowed to precipitate for 24 hours with silica glass
to see if similar interactions could be documented.
Polycarbonate filtering
Once the set pair were allowed to interact for their set amount of time, the
samples were filtered. A polycarbonate 0.01 µm, 47 mm-diameter membrane filter was
used. The membrane filter was mounted to a Nalgene vacuum canister. The top layer of
the solution in the beaker was slowly poured into the vacuum canister allowing the
precipitates to adhere to the membrane filter.
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Scanning Electron Microscope
A 1 mm section of carbon tape was cut and mounted on to a stainless-steel stub.
The stub was then attached to the membrane filter allowing the precipitates to attach to
the carbon tape. A 5 µm coating of platinum was applied using a EMS 150T ES highresolution sputter coater to reduce the amount of charging in the SEM. A JEOL JSM6500F Field Emission SEM was used to analyze the interaction between the precipitants
and organic material. Images ranging from 1600x to 33,000x at 5kV-30kV were taken.
Transmission Electron Microscope
Precipitants were carefully removed from the polycarbonate membrane filter and
transferred to a 300-count copper grid filter. The precipitants were not allowed to fully
dry to attempt to catch the transition between organic molecule and carbonate mineral in
action. The grid was loaded into a JEOL 1230 120 KV TEM and the samples were
inspected at 10,000x to 300,000x, and 120KV.
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Figure 4.1

JEOL 1230 120KV TEM at the Institute for Imaging and Analytical
Technology at Mississippi State University.

Energy-dispersive X-ray spectroscopy
An X-EDS spectrometer attached to the JEOL 1230 120KV TEM and Oxford
Instruments INCA Energy+ software was used to conduct electron beam-induced X-ray
elemental analysis of individual samples. Areas of interest that showed a well-established
transition between the precipitants and organic material was analyzed with X-EDS. The
elemental maps were used to determine areas of organic concentrations near crystal
growth. Point scans were used to verify the elemental maps and to study the transitional
areas between the organic material and carbonate mineral growth.
Results
Transmission Electron Microscopy
TEM analysis was conducted on the precipitants created from the steric acid,
palmitic acid, and calcium oxide experiments. TEM images show carbonate crystal
growth occurred within much of the organic molecules used. Rhombohedral carbonate
66

minerals are seen growing near the organic material in both palmitic and steric acid
experiments.
In the 24-hour, palmitic acid experiments crystal nucleation is seen with organic
molecules structured within the crystal structure (Figures 4.2, 4.3). The photomicrograph
shows the palmitic acid appears to be forming amorphous structures. Within the
structures are an abundance of carbonate pseudo-crystals. The carbonate crystals appear
to be forming within the clumps of palmitic acid. Low magnification micrographs show
the carbonate minerals are growing in clusters within and around the palmitic acid
(Figures 4.4, 4.5, 4.6).
TEM analysis of the steric acid showed it was commonly found in clumps of
organic material. The clumps contain rhombohedral calcite crystals 0.5 to 2 nm in size.
The crystals are consistently found surrounded by the steric acid (Figures 4.7, 4.8, 4.9,
4.10).
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Figure 4.2

TEM micrograph of palmitic acid with calcium oxide after 24 hours.
Calcite crystals, appear as dense, therefore dark, black rhombs, and are
more apparent. Rhombohedral structures seem to be composed of the
organic molecules from the surrounding area, indicated by the arrows.
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Figure 4.3

Magnified image from above micrograph. TEM micrograph of palmitic
with calcium oxide after 24 hours. Rhombohedral structures made from
imbedded pseudocrystals and in the clump of palmitic acid.
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Figure 4.4

TEM micrograph of palmitic acid with calcium oxide after 18 hours. This
image shows a cluster of carbonate minerals (arrow) growing within
palmitic acid. Magnified image (Figure 4.5).
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Figure 4.5

Magnified micrograph from image above. TEM micrograph of palmitic
acid with calcium oxide after 18 hours. Image shows carbonate
rhombohedral crystal structures beginning to grow within the palmitic acid
as indicated by arrows.
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Figure 4.6

Magnified micrograph from image above. TEM micrograph of palmitic
acid with calcium oxide after 18 hours. Incipient carbonate crystal
structures are visible nucleating within the palmitic acid.
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Figure 4.7

TEM micrograph of steric acid with calcium oxide after 18 hours. Arrows
indicate calcite as rhombohedrons growing in clusters using the steric acid
as a nucleation point.
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Figure 4.8

TEM micrograph of steric acid with calcium oxide after 24 hours.
Micrograph shows carbonate rhombohedral minerals (arrow) growing
intermixed with steric acid (dark amorphous sections).
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Figure 4.9

TEM micrograph of steric acid with calcium oxide after 48 hours.
Photomicrograph shows carbonate minerals are more pronounced.
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Figure 4.10

TEM photomicrograph of steric acid with calcium oxide after 48 hours.
Dense clusters of carbonate minerals are indicated by yellow arrow. Some
steric acid is indicated by red arrow, but it is less abundant than it was in
samples drawn off at 18 and 24 hours.

Energy-dispersive X-ray Spectroscopy
X-EDS analysis used on areas with well-established transition zones between
organic molecules and carbonate mineral growth shows a clear transition from carbon
rich organic molecules and calcium rich crystals. Carbonate minerals can be seen directly
nucleating from a single point of palmitic acid (Figure 4.11). X-EDS spectral analysis
and map analysis was used to verify the difference between carbonate minerals and
organic material. The TEM micrograph (Figure 4.11) shows a larger concentration of
carbon at 37.3 wt%, Oxygen is at 10.8 wt%, and calcium at 7.8 wt% (Figure 4.12).
Elemental spectrums for points 4, 5, 6, and 7 and other supporting TEM micrographs
with associated X-EDS analysis is located in the Appendix Chapter B.
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Figure 4.11

TEM micrograph of palmitic acid with calcium oxide after 24 hours.
Shows a transition from palmitic acid (bottom) and carbonate mineral
growth (top).
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Figure 4.12

X-EDS overall elemental spectrum of TEM micrograph (Figure 4.11) This
shows there is a high concentration of carbon and calcite in the overall
micrograph.
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Table 4.2

Elemental map analysis of (Figure 4.11).
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Discussion
Transmission Electron Microscopy
The purpose of this project is designed to see how the carbonate precipitants and
organic molecules interact with each other. TEM micrographs of precipitation
experiments conducted with calcium oxide and organic molecules show a relationship
between organic material and carbonate minerals. TEM micrographs of organic
molecules show an unordered nest of transparent organic material with no set shape or
structure. When both organic compounds were combined with 0.02 g of calcium oxide
crystal growth began to appear as expected, but the organic molecules still maintained a
amorphous structure. TEM imaging revealed the progress of crystal formation over a
period of 18 to 48 hours.
Palmitic Acid
Palmitic acid allowed to precipitate with calcium oxide for 18 – 24 hours showed
similar results. In both 18 and 24-hour precipitation times well established organic
structures could be seen. Precipitants allowed to grow for 18 hours showed an abundance
of carbonate minerals about 2 nm in size growing within the organic structures (Figures
4.4, 4.5, 4.6). Precipitants grown with palmitic acid after 24 hours show an inverse of the
18 hour precipitants. The 24-hour experiments show well established rhombohedral
crystals. Some of the carbonate crystals show palmitic acid as their core internal structure
(Figures 4.2, 4.3). Carbonate minerals are also found directly nucleating from singular
points on the palmitic acid (Figure 4.11). X-EDS analysis was conducted as a check to
verify the transition from palmitic acid to carbonate minerals (Figures 4.12, Table 4.2).
This relationship between carbonate minerals growing within the palmitic acid (Figures
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4.4, 4.5, and 4.6), and inversely the palmitic acid making up the internal structure of
some of the carbonate minerals (Figures 4.2 and 4.3), shows a direct relationship between
the two.
Steric Acid
Steric acid showed results similar to the palmitic precipitants. Steric acid was
found in conjunction with carbonate mineral growth. No significant change was
noticeable between the 18, 24 and 48 hours’ precipitants. The steric acid and carbonate
minerals do seem to share a relationship, the majority of carbonate minerals seem to grow
near and or intermixed within the steric acid (Figures 4.7, 4.8, 4.9, 4.10).
Conclusion
The transmission electron microscopy gave this project the ability to capture high
magnification images. More importantly, is the images were transparent and allowed for
a better understanding of the internal working relationship between the carbonate
minerals and organic molecules.
•

The palmitic acid shows that at low temporal precipitation periods, carbonate
minerals, some with rhombohedral shapes, are found as internal structures with in
clumps of palmitic acid. The crystals appear to be using the decaying palmitic
acid for nucleation.

•

Palmitic acid at 24 to 48 hours shows the carbonate crystals have grown to
identifiable rhombohedral shapes. The crystalline shapes seem to incorporate the
palmitic acid in its crystal structure. The carbonate minerals are primarily
composed of the decaying palmitic acid.
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•

The steric acid experiments ranging from 18 to 48 hours show a close relationship
to carbonate mineral growth. Though no direct incorporation of the steric acids
was imaged in the carbonate minerals, the consistent association and overlapping
of the minerals and steric acid suggest a relationship does occur.

The palmitic and steric acid show a valid and defendable relationship with
carbonate mineral growth. Specifically, palmitic acid has been imaged in forming the
carbonate mineral structures. It is hypothesized that the carbonate minerals are using the
decaying organic molecules for carbon. It is also hypothesized the decaying organic
molecules may affect the amount of free energy required to promote carbonate mineral
growth.

82

AUTHIGENIC CARBONATE ROCK IMAGING AND ANALYSIS
About This Chapter
The chapter is a journal article that will be submitted for publication in the Journal
of Sedimentological Research. The authors will be Maurice Testa, Brenda L. Kirkland,
Rinat Gabitov, and Adam Skarke. Note that several parts of the background information
section are from the introduction and literature review sections of the dissertation.
Introduction
Natural methane seeps from the seafloor are a widespread occurrence (Figure
1.2). Recently seeps were found off the eastern coast of the United States. In 2012 only
three methane seeps were known off of the eastern coast. In recent years over 570 gas
plumes were discovered at depths between 50 m to 1700 m. This seepage is similar to
what is found in the Arctic, caused by hydrate degradation. Some authigenic carbonates
show evidence that some of these seeps have been active for over 1,000 years (Skarke A.,
2014). Cold seeps are expected to be found near tectonically active areas such as plate
boundaries or petroleum basins. Warming of ocean temperatures have caused the gas
hydrates to become unstable and caused the first detectable seeps at mid-latitudes. Most
of the seeps found along the northern US Atlantic margin are too deep for the methane to
reach the atmosphere. However, the methane remains in the water column and can be
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oxidized to CO2. This directly affects marine ecosystems as it acidifies the ocean waters
and reduces oxygen levels (Ruppel, 2014).
The objective of this project was to identify stages of development of the cold
water authigenic carbonate samples. These samples were collected by Dr. Adam Skarke,
on July 6, 2016 during the National Oceanographic Laboratory System (UNOLS)
research cruise. A combination of thin section, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-Ray Diffraction (XRD) were used to
analyze the samples.
Background
Seep Formation
The methane hydrates are originally in a crystalline form similar to ice. The
hydrates are a sedimentary mineral that occurs in marine sediments, mostly continental
shelf and permafrost areas. The methane hydrate consists of methane molecules
assembled in a crystal lattice. These hydrates are particularly being held together by
pressure, and usually cannot exist stable above 250 m deep (Garg, 2008). When found in
continental slopes and rises the hydrates are usually destabilizing. In deep sea sediments,
they are trapped bellow 250 meters and are stable. This is known as the hydrate stability
zone. In a cold climate, terrestrial wetland permafrost keeps hydrates from destabilizing.
The methane trapped in the hydrate came from microorganisms. The microorganisms
produce methane as a byproduct of consuming decomposing organic matter (Lonero,
2005). This is through microbial reduction of carbon (Muir, 2009).
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The hydrate stability zone (HSZ) covers, in the northern latitude to around 530
meters in depth to the southern latitudes at 250 meters in depth. Two types of methane
are usually found in the HSZ. The first is in-situ methane generation, which is a less
abundant crude conversion of biomass to methane (Garg, 2008). The second is a deep
methane influx, where gases are created by bacteria decomposing organic sediments.
This process can create 99.99% pure methane gas (Pfeffer, 1978).
Anaerobic oxidation of methane
Anaerobic oxidation of methane (AOM) was first discovered in 1976 as the
driving force of sulfate reduction in marine organisms (Reeburgh, 1976). It is still a
controversial subject of microbial ecology. The main source in oceans for methane
production is sub-seafloor methane flux in which AOM’s play a major role (Jagersma,
2009). In this process methane, is consumed by microbial mediated sulfate reduction.
The microbes responsible are anaerobic methanotrophs in three different phylogenetic
clusters ANME-1 ANME-2 and ANME-3 and sulfate reducing bacteria (Cui, 2015). The
AOM communities are found in anoxic environments where methane comes in contact
with oxidants and where active methanogenesis occurs (Figure 2.10). AOM is a sink for
large amounts of methane produced in marine sediments. AOM has thermodynamic
restrictions mostly from energy restrictions. AOM must produce adenosine triphosphate
(ATP), which requires at least 50 kJ of energy for metabolic reactions to maintain cellular
processes. Many of the AOM are in very low energy areas, near to -16 kJ’s. A large part
of the misunderstanding on how AOM communities thrive is understanding where their
energy derives (Caldwell et al., 2008). However, the exact mechanism of AOM is still
unknown (Cui, 2015).
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Aerobic methane-oxidizing bacteria use methane as their only source of energy,
oxidizing the methane produced by anaerobic metabolism of methanogenic archaea. The
former process is responsible for converting the methane trapped in the water column
into CO2. This CO2 then acidifies the oceans and removes oxygen. These bacteria can be
found in many different environments including marine and fresh waters (Chen, 2010).
Authigenic Carbonate Rock Formation
Authigenic carbonate formation at hydrocarbon seeps is caused by a
disequilibrium of seawater and methane or other hydrocarbons that have moved through
the sea floor. Methanotrophic (methane-utilizing) biological communities are found in
these areas and contribute to the disequilibrium. Chemosymbiotoc (converts carbon into
organic nutrient material) fauna is even supported by the anaerobic oxidation of methane
(AOM). Authigenic carbonates have a wide range of mineralogical and carbon/oxygen
compositions dependent on the environmental conditions of their precipitation. Typical
high to low Mg calcite, dolomite, and aragonite are found. The composition of the
carbonate rock along with the carbon/oxygen isotopic compositions can record the
chemical, biological and physical interactions it had. Authigenic carbonate rock
formations are also very good time indicators (Thomas, 2007).
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Environmental and Energy implications
Cold-water seeps can be found in shallow continental shelves. This allows for the
methane gas to reach the surface and enter the atmosphere. Methane is known to hold 25
times more heat than CO2 (Pettus, 2009). At the Fourth Inter-Governmental Panel on
Climate Change (IPCC) the decomposition of methane hydrates was acknowledged as
potential global warming scenario. It is difficult to create prediction models on how the
gas hydrates may affect atmospheric chemistry because the distribution and magnitude of
the methane hydrates is still unknown. Large, deep-sea methane hydrate deposits are
believed to be stable from the effects of climate change. Other substantial-sized
reservoirs on coastal shelves have been becoming unstable due to warming of the ocean
waters (Muir, 2009). In the Arctic region where warmer conditions are causing sea ice to
retreat more than 250 plumes of gas bubbles have been found emerging from the
continental margin (Gentza et al., 2014).
Multiple energy firms and countries are researching the potential exploration of
these methane seeps. In the Arctic ownership of mines and minerals in the offshore
seabed fall under the United Nations Convention on the Law of the Sea allowing coastal
states to explore these resources up to 200 nautical miles offshore. Because most of the
methane seeps in interest are emerging from the continental shelf region those states may
explore them (Muir, 2009).
Exploration of the methane hydrates may be difficult, because the hydrates are
extremely fragile to temperature and pressure. They may easily dissociate when removed
from the shelf. The hydrates are also extremely unstable and volatile; forcing tedious
safety measures to be used. The removal of the hydrates may break the seal releasing the
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methane into the ocean. Engineers are working on stabilizing additives that may be used
during the drilling processes to more safely remove the hydrates (Muir, 2009).

Methods
Sample Collection
Three cold-water methane seep rock samples for this project were recovered on
July 6, 2016 during the National Oceanographic Laboratory System (UNOLS) research
cruise off the U.S. Atlantic Margin. The first sample, number AD4828-BB2-17 and
second sample, number AD4828-BB2-16 were recovered at 1421.2m in depth at
39.805063 degrees’ latitude and -69.593359 degrees’ longitude. The third and larger
sample number AD4835-BB-4522 was recovered at 1419.6 m at 39.805860 degrees’
latitude and -69.592593 longitude (see Figure 2.13). The samples were located near cold
water methane seeps near the upper ridge of the Veatch Canyon (Figure 3.1).

Figure 5.1

Collection site for the three samples.
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Microbial mapping and imaging
Samples collected from the authigenic carbonate rock were sectioned and
prepared for observation of the chronological order of formation of the rock fabric and
for evidence of microbial structures. Standard petrographic techniques including polished
thin sections, SEM, microfacies, TEM, and EDS will be used to analyze the sample.
Samples were cut longitudinally to expose the maximum amount of flat surface
for mapping. Samples were also cut from top to bottom to capture the vertical succession
and to show a chronological order to its precipitation. The cut surface will be polished
and then mapped to document the microfacies and their succession.
Measuring samples
The three samples were measured and weighed prior to cutting. The volumes of
the three samples were also calculated using the volume displacement method. The
samples were then labeled sample L for large (7042.0 grams), sample M for medium
(1590.17 grams), and sample S (496.42 grams) for small. Sample L was chosen for
analysis in this project because of its complex structure.
Slab cutting
Sample L was sectioned along its long axis into 4 separate slabs. Each slab
measured approximately 1-2 inches in thickness and 8 to 14 inches in length. The slabs
were labeled A, B, C, and D based on size of the slab. The largest was labeled A and the
order descended as the size of the slab decreased.
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Thin Section Analysis
Thin sections prepared for petrographic analysis using samples cut from areas of
interest chosen for complexity and representation of all visible textures. The samples
were then mounted to a 27 x 46 mm non-frosted glass slide using an epoxy mixture of 2part epoxy to 1 part hardener. The epoxy was allowed to dry for 24 hours. The thin
sections were then cut and polished to an estimated 30 μm in thickness. Thin sections
were analyzed using a Nikon Eclipse E400 POL microscope. Areas of Areas of interest
were marked for further analysis by scanning electron microscopy (SEM).
Scanning Electron Microscope
Areas of interest noted through visual inspection of the slabbed section, as well as
marked locations found during thin section analysis, were prepared for SEM. First,
samples selected by visual inspection of the slabs were marked, measured, and
photographed. The areas were then removed from the slab carefully using a Dremel tool
to cut the chips approximately 1 cm in diameter. The chips were then mounted to a 1 mm
steel stub using double-sided carbon tape. The stubs were then mounted in a EMS 150T
ES high-resolution sputter coater. Each sample was coated with 15-30 µm of platinum
depending of the topographic relief of the sample. The samples with greater relief (<10
mm) received higher amounts of coating to reduce charging.
Complete thin sections were also prepared for SEM analysis. Areas of interest
found during imaging with a polarized light microscope were marked with carbon tape
(Figure 3.2). The marked thin section slide was mounted on to the center of a 1 mm steel
stub using double-sided carbon tape. The sample was coated with 5 µm of platinum using
a EMS 150T ES high-resolution sputter coater. A coating thickness of only 5 µm of
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platinum was selected because of the extremely low topography of the thin section
(Figure 3.3). The stub holder was then mounted onto the SEM sample holder. Extra
carbon tape was attached from the sides of the glass slide to the stub holder to keep the
sample secure and to further ground the sample.

Figure 5.2

Thin section with area of interest marked with carbon tape.

Figure 5.3

Image showing 5 µm of platinum being applied to a thin section in the
sputter coater.
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A JEOL JSM-6500F Field Emission SEM was used to inspect all samples for this
project and to take images ranging from 10x to 18,000x at 5kV-30kV. A X-EDS
spectrometer, which is attached to the JEOL JSM-6500F SEM, in conjunction with
Oxford Instruments INCAEnergy+ software, was used to conduct electron beam-induced
X-ray elemental analysis. Areas of interest located during thin section and SEM analysis
were marked with carbon tape. The locations were then located in SEM. Point elemental
analysis was used in individual sections to determine their chemical makeup.
X-ray Powder Diffraction
A Rigaku Ultima III X-ray Diffraction System was used for analysis of crystalline
structure. Areas of interest located using thin section and SEM analysis were marked for
X-ray Powder diffraction. The samples were crushed to powder form in a mortar and
pestle and mounted onto a glass slide. The glass slide was then loaded into the Rigaku
Ultima III X-ray Diffraction System. The Theta Wide Angle Goniometer was used to
scan for Thetas/Thetad Coupled between 5° to 154° of 2Theta.
Transmission Electron Microscope
Samples were prepared for TEM analysis. Areas of interest during visual
inspection were marked for TEM analysis. TEM analysis is used for high magnification
transmitted imaging of the crystal and organic structures with the goal of obtaining a
better understand the relationship between organic and carbonate crystal formation.
Thin Section Preparation for TEM
Samples of interest were cut and mounted to a 27 x 46 mm non-frosted glass
slide. Instead of using conventional epoxy, 4 gm of superglue was instead used to
92

initially mount the samples on the glass slides. The samples were left under a spring
tensioner for 24 hours to allow the superglue to properly adhere. Once the superglue
dried, the samples were cut and polished to 15 µm. The thin sections were then
photographed using lighted mapping table. The light table improved the contrast of the
thin section. The photographs were then printed and enlarged to use as a reference when
marking areas of interest. An electron microscope was used to inspect the thin section for
areas of interest. The thin section was then submerged in acetone for 24 hours. The
acetone breaks down the superglue with no affects to the carbonate rock sample. Once
the superglue has dissolved, the thin section sample was carefully peeled from the glass
slide. The areas of interested were removed from the glass slide and loaded onto a 300count copper TEM grid. In some cases, further thinning was required. An electro-spark
method where ion beams are used to slowly remove molecular layers was used to further
thin samples.
TEM Analysis
Samples were floated onto a 300 count TEM copper grid. The samples were
allowed to dry under a hood for 24 hours. The grid was then loaded into a JEOL 1230
120KV TEM. The samples were inspected and imaged at 10,000x to 300,000x at 120KV.
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Results
Scanned Slabs
Slab B was cut into three separate slabs along its long axis. Each slab was scanned
on a high-resolution canon scanner at 900 DPI for visual inspection. The high-resolution
scans were used to locate areas of interest for SEM, TEM, and XRD analysis. The highresolution scans were also used to make maps to subdivide the slabs into quadrants and
map the subfacies within the slab and document their stages of formation (Figure 5.4).
Other images of the scanned slabs are available in the Appendix Chapter C.

Figure 5.4

High-resolution scan of slab LB1 on Side A. The slab was subdivided into
labeled sections for specimen labeling and analysis.
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Light microscope analysis
Aragonitic growth
Reflected light
Thin sections were created from areas of interest located during visual inspection
of the sectioned carbonate seep slabs. These areas showed multiple generations of similar
aragonitic crystal growth. Each generation consists of elongated aragonite needles ranged
from 0.2 to 3 cm in length. Each younger generation seems to overlap the previous
needles. In some places, the aragonitic needle clusters overlapped two prior aragonitic
generations. Figure 5.5 is a reflected light image of a thin section created along the void
in section lb1_5, reference (Figure 5.4). Three generations of aragonite are shown in this
image. The first generation parallels the dark or light matrix and no definitive crystal
structure is noticeable. The second generation are needle structures forming multiple
botryoidal patterns. The second generation seems to nucleate from the first-generation
aragonite. The third generation grows in perpendicular and overlays the second
generation botryoids. Other areas along the voided spaces show three generations of
aragonitic botryoids, see (Figure 5.6) and for other reflected light thin section images
refer to Appendix Chapter C.
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Figure 5.5

Reflected light image of a thin section shows the light grey carbonate
matrix along with 3 series of aragonitic botryoid formation.
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Figure 5.6

Reflected light image of a thin section image shows three generations of
aragonitic botryoids growing from dark gray to black cement patches in
multiple directions outward from the pore wall in, thus filling up the void.
The botryoids grew through the light gray carbonate cement. Some of the
botryoids can be seen using darker carbonate cement splotches as
nucleation sites.
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The sample studied is an integrate network of aragonitic veins. The veins move
throughout the lighter gray carbonate cement, but will not cross the dark dense carbonate
cement splotches (Figure 5.7). The aragonitic veins are composed of vertical and
horizontal aragonite needles with no particular arrangement or pattern.

Figure 5.7

Reflected light image of a thin section showing a aragonitic vein cutting
across by filling pore space through a light gray carbonate cement. The
aragonitic vein is composed of needles ranging from 0.2 to 4 mm. The
needles have no set arrangement or orientation.
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Dark splotches of dense carbonate cement are randomly found imbedded
throughout the lighter gray cement. Aragonitic veins do not penetrate the dark colored
matrix. Therefore, the veins navigate around the dark splotches (Figure 5.8). In some
cases, the dark splotches and quartz grains are found to act as nucleation sites for the
aragonitic botryoids growing perpendicular to the splotches edge (Figure 5.9, 5.10).

Figure 5.8

Reflected light image of a thin section image of a aragonitic vein along the
outside of a darker carbonate cement.
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Figure 5.9

Reflected light image of a thin section image of aragonitic botryoids using
the showing dark carbonate cement at the base of aragonitic needles range
from 0.5 to 2 cm in length and grow perpendicular to the dark sections.
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Figure 5.10

Reflected light image of a thin section of aragonitic botryoids using quartz
grains as a nucleation site. This shows some of the quartz was originally
deposited. The brighter white aragonitic is the first-generation cement and
grew around the quartz grains. Then the aragonitic botryoids are the 2nd
generation aragonite and grew botryoids radiating outwards toward the
void space.

101

Cross Polarized Light
Thin sections where analyzed using cross polarized light. Aragonitic botryoids
can be seen using dark carbonate mud as a nucleation site. Cross polarized light showed
clearer images of the aragonitic needles growth stages. (Figure 5.11) shows aragonitic
botryoids ranging from 0.3 to 1.5 cm in length. The rocks matrix is too dense to interpret
elemental makeup. But it is clear the aragonitic botryoids are using the matrix as
nucleation sites (Figure 5.12).

Figure 5.11

Cross-polarized thin section image showing the growth stages of the
aragonitic needles. The botryoids are nucleating from the dark carbonate
matrix. The aragonitic needles range from 0.3 to 1.5 cm in length.
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Figure 5.12

Cross-polarized thin section image showing aragonitic botryoids growing
from dark carbonate matrix shown by arrow.

Mineral Identification
Thick and thin section analysis of the dense dark gray carbonate splotches show
an abundance of quartz grains that range from 1.5 mm to 2 mm in size (Figure 5.10). This
is similar to what is found in the less dense light gray cement that makes up most of the
matrix. However, the dark gray splotches also contain an abundance of what seems to be
metallic minerals (Figure 5.13). X-ray Diffraction analysis of these sections show these
minerals to be primarily pyrite or troilite, both iron sulfide-bearing minerals (Figures
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5.25, 5.26). Green minerals are also found sporadically throughout the dark gray clusters
(Figure 5.14). XRD and TEM analysis shows these green minerals as zircon based.

Figure 5.13

Reflected light image of a thin section image of dark gray dense carbonate
cement sections. Pyrite and troilite minerals are present in XRD of found
throughout the splotches.
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Figure 5.14

Reflected light image of a thin section image of dark green zirconium
minerals found throughout the carbonate matrix of the methane seep rock.
These dark green zirconium minerals along with quartz grains are lining the
outside edges of the aragonitic vein (arrow).
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Scanning Electron Microscopy Results
Scanning electron microscopy was used in areas of interest discovered during
thick section and thin section analysis. The focus of the SEM analysis was to understand
how the aragonitic botryoids grew and interacted with the carbonate matrix and if any
signs of microbial influences could be found. SEM micrographs taken of a small void on
slab lb1_6 shows an abundance of aragonitic needles growing outwards into the voids
(Figure 5.15). The needles range from 0.5 to 120 µm. Most of the needles are in situ but
some have obviously been broken and could have been transported from somewhere else
on the void. Splotches of carbonate mud can be seen interbedded within the aragonitic
needles. SEM micrographs were taken from 10x to 20,000x in magnification at 5kV30kV. The micrographs help distinguish crystal morphology and assist in creating a
timeline of crystal formation.
SEM micrographs of aragonitic botryoids found near a large void on sample
section lb1_5 shows multiple generations of aragonitic botryoids overlapping each other
(Figures 5.16, 5.17). These botryoids range from 210 to about 320 µm in diameter.
SEM micrographs of the light gray carbonate matrix shows an abundance of
microfossils and fragments of marine organisms (Figure 5.18). Pieces of diatoms and
coccolith shells are abundant throughout the carbonate matrixes in both the lighter gray
and dark gray matrixes (Figure 5.18).
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Figure 5.15

SEM micrograph from a void in slab LB1 side A of the methane carbonate
rock. Shows a random arrangement of aragonitic needles grown in situ as
well as broken and transported to the area. The needles range from 0.5 µm
to 120 µm.
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Figure 5.16

SEM micrograph of a chip removed from the surface of slab LB1 Side A
section lb1_5 shows an abundance of aragonitic botryoids. In many areas
the botryoids overlap each other.
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Figure 5.17

SEM micrograph of a aragonitic botryoid which grew intermixed with
possible organic debris.
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Figure 5.18

SEM micrograph of random marine fragments. In the micrograph, a piece
of a diatom frustule and coccolith shell is seen. This shows the type of
material that has been captured during formation of the sample.

Transmission Electron Microscopy Analysis
Samples of interest located during light microscope and scanning electron
microscope analysis were marked for TEM analysis. The samples were investigated at
10,000x to 300,000x magnification at 120KV. TEM analysis was used to image highly
magnified sections of the carbonate methane seep rock to identify the interactions
between crystal morphology and organic material. Elemental analysis using a X-EDS
spectrometer attached to the TEM was used to create point elemental scans and elemental
mapping of the areas of interest. The point scans and maps are used to better understand
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the elements found in the carbonate methane seep rocks and how they interact with
crystal structures.
TEM analysis shows an abundance of dark elongated minerals (Figure 5.19). XEDS spectral analysis identified these minerals to be composed of 32 wt% Oxygen, 20.2
wt% Calcium, 16.6 wt% Silica, 16.1 wt% Carbon, 3.2 wt% Aluminum, and 3.2 wt%
Iron (Figure 5.20). Elemental maps show the majority of the dark elongated minerals
make up the majority of the oxygen, silica, calcium and iron (Table 5.2). Point scan XEDS analysis was conducted on individual minerals. Some of the minerals were primarily
oxygen, silica and aluminum (Figures 5.28, 5.29). However, similar minerals in
appearance were composed of primarily oxygen and calcium (Figures 5.30, 5.31).
Suggesting there is a mixture of carbonate and clay minerals in the carbonate matrix.
Other X-EDS analysis can be found in the Appendix Chapter C.
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Figure 5.19

TEM micrograph of image 6 taken from the light gray carbonate cement
section of slab LB1 Side A. Dark minerals are interpreted as clay minerals
because of X-EDS analysis (Figure 5.20).
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Figure 5.20

X-EDS elemental spectral analysis of image 6 (Figure 5.19) shows silica,
calcium and aluminum is detected in the sample. This supports the theory
of clay minerals.

Table 5.2

Elemental maps analysis of (Figure 5.19)
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Figure 5.21

TEM micrograph of a spot elemental analysis. Results concluded the
crystal is primarily composed of oxygen silica and aluminum.
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Figure 5.22

X-EDS elemental spectral analysis of image 11 (Figure 5.21) shows silica,
aluminum, potassium and calcium are the detectable elements of the
mineral. This supports the theory of clay minerals being present in the
carbonate matrix.
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Figure 5.23

TEM micrograph of a spot elemental analysis. Results concluded the
crystal is primarily composed of calcium, oxygen, and carbon.
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Figure 5.24

X-EDS elemental spectral analysis of image 11 (Figure 5.23) shows
calcium, oxygen, and carbon make up the majority of the elements in the
mineral. This enforces the theory of the carbonate matrix is intermixed with
clay minerals.

X-ray Powder Diffraction
XRD analysis was conducted on the light and dark splotches of carbonate cement
known to have quartz sand grains and other minerals imbedded within. XRD analysis was
also conducted on the aragonitic veins found surrounding the dark cement splotches and
voids throughout the LB1 slab. The analysis was conducted to verify and support the
results from the X-EDS analysis on the transmission electron microscope (TEM).
X-ray Diffraction analysis was also conducted on the light gray carbonate matrix
and aragonitic cement. A 1 cm section of light gray matrix was removed from section
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LB1_6. The section was crushed and inserted into the XRD for analysis. Results show an
abundance, at 76.5%, of aragonite confirming the light gray matrix of the sample is
primarily composed of aragonitic marine carbonate cement (Figure 5.25). Quartz grains
observed from thick section and thin section analysis makes up 22.5% of the carbonate
matrix. Troilite (FeS), an iron sulfide mineral similar to pyrite, makes up a possible 1% of
the matrix and is found sporadically in low concentrations throughout the light gray
matrix. The XRD results show a significant mineralogical change between the light gray
and dark gray carbonate cements. The XRD results from the dark gray cements show a
smaller amount of aragonite at 67.8%. Quartz has a higher standing at 30.2%. Heavier
metals were also found in the dark gray matrix including zirconium, pyrite, and iron
(Figure 5.26). XRD analysis on the aragonitic botryoids shows an expected 95.8%
aragonite. Quartz makes up 4.2%, which may be caused by any quartz grains trapped
within the aragonite botryoids or any quartz grains acting as nucleation sites for the
botryoids. (Figure 5.27).
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Figure 5.25

XRD results of the light carbonate cement on slab LB1 side A. Data shows
the light gray matrix is primarily composed of aragonite and quartz with a
trace of triolite-2H (FeS). Analysis was conducted using JADE 2010
software package.
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Figure 5.26

XRD results of the dark carbonate cement splotches on slab LB1 side A.
Data shows the dark gray matrix is primarily composed of aragonite and
quartz. But unlike the light gray matrix, metals are more prevalent in the
darker matrixes. Analysis was conducted using JADE 2010 software
package.
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Figure 5.27

XRD results of the aragonitic veins that pass through the lighter gray
carbonate cement and boarder much of the dense darker gray carbonate
cement. As expected the veins are primarily composed of aragonite with
small traces of quartz. Analysis was conducted using JADE 2010 software
package.
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Discussion
The thin section and scanning electron microscope (SEM) images revealed a
chronologic order of events that created the large carbonate methane seep rock sample.
Carbonate gray cement appears to have formed as the primary matrix by volume,
trapping sand-sized quartz grains. The dark clusters of denser carbonate cement are seen
dispersed randomly throughout the sample. The denser carbonate cement has trapped
quartz grains, pyrite, and zircon minerals identified from the EDS and XRD results.
Three generations of aragonitic botryoids have been identified throughout the sample.
Aragonite can also be found in veins cutting through and expanding into pore space in the
less dense gray carbonate matrix. Aragonitic botryoids can also be found nucleating off
the edges of voids used for fluid movement. Each generation of botryoid seems to grow
on top of and partially overlap the older generation.
Thick section Scanned slabs
The thick section cut from the Slab B the slabs have multiple large voids possibly
created by fluid movement, early rapid lithification, or microbial precipitation. Most of
these voids are lined by white aragonitic botryoids with the aragonitic needles growing
inwards toward the middle of the voids. Carbonate mud can still be found deposited
loosely in some of the voids above the aragonite needles. This suggests that the voids
were exposed as a passage way for marine waters carrying sediment and organic debris
(Figure 5.4). Other images of the scanned slabs are available in the Appendix Chapter C.
The slabs are primarily composed of light gray carbonate cement. However, the
sections of the dark matrix are precipitated sporadically throughout the slabs. The density
changes of cement are only millimeters thick, as the pattern of light to dark gray cement
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changes from each slab. Even the two opposite sides of the same slab are significantly
different in light to dark gray matrix orientation.
Light microscope analysis
Light microscope imaging of thin sections revealed aragonite crystals growing
into cavities, which must have been passage ways for supersaturated fluids. The large,
elongated aragonite crystals that range between 0.2 to 3 cm in length are the last in a
series of diagenetic events including three generations of aragonitic botryoids found
growing on top of each other throughout the LB1 thick section (Figure 5.5). These large
botryoids are only found lining and ultimately filling larger voids where currents driving
marine waters could have passed through the voids allowing three generations of
aragonitic botryoids to stack on top of each other. The first generation of botryoids
appear to have nucleated on a combination of the light/dark matrixes or random quartz
grains. The botryoids have been found throughout the sample using different materials as
point of nucleation.
The botryoids have been found throughout the sample using different materials as
the point of nucleation. In (Figure 5.10) aragonitic botryoids appear to grow
perpendicular into a void and use quartz grains as a nucleation point. In (Figure 5.5) the
botryoids seem to use quartz grains along with light and dark carbonate matrix as
nucleation points as the botryoids grow into the same void. Evidence of past botryoids
possibly lost due to dissolution or possibly the energy from fluid movement is found in
the carbonate mud found in many of the void like fluid passageways. The aragonitic
white cement that outlines the fluid passageways probably continued to grow because of
the constant supply of elements in solution from the marine waters passing through the
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voids (Figure 5.5, 5.6). This type of precipitation is suggested to require a flow of
100,000 pore volumes per volume of cement filling the pore. E.g. 1 cm2 of cement
requires 100,000 cm2 of marine water moving through (Scholle and Halley, 1985; Moore
and Druckman, 1981).
An intricate matrix of aragonitic veins are found throughout the sectioned slabs
and the studied areas of slab section LB1_3 (Figure 5.7). The aragonitic veins contain
pockets in the authigenic matrix where random aragonitic botryoids of elongated needles
grew. This possibly occurred because of open or less dense pore space in the matrix
allowed for the botryoids to expand and grow. The aragonitic veins seem to have
expanded freely through the less dense gray carbonate authigenic matrix in areas of
increase pore space. In some areas around the aragonitic vein shows an abundance of
quartz grains as if the aragonitic vein moved the quartz out of the way during its growth
(Figure 5.14). The aragonitic veins do not cross the denser dark gray sections of
carbonate authigenic matrix. The white aragonitic veins instead outline the dark sections
of the carbonate matrix as if the sections are too dense or possibly chemically preventing
precipitation for veins (Figure 5.8). In some areas, the aragonitic cement uses the denser
dark gray carbonate cement as nucleation sites for aragonitic botryoids (Figure 5.9).
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Figure 5.28

Scanned thin section image of carbonate matrix.

X-ray Diffraction analysis
Quartz grains are found throughout the samples. The quartz grains range from
range from 1.5 mm to 2 mm in size. X-ray Diffraction analysis on the light gray
authigenic carbonate matrix shows aragonite makes up 76.5% of the material. Quartz
makes up 22.5% (Figure 5.25). These results describe a authigenic matrix that is
approximately 75% aragonite and may verify the hypothesis that the dark gray matrix had
larger pore space. The dark gray carbonate matrix has a higher concentration of quarts at
30.2%. Aragonite only contributed 67% of the dark matrix. Heavier minerals like
zirconium, pyrite and iron are also found in the dark matrix (Figure 5.26). The increase of
quartz and metals may contribute to why the dark authigenic carbonate matrix structures
may have been less dense and were not conducive to aragonitic vein intrusions.
XRD analysis on the aragonitic cement shows an expected 95.8% aragonite.
Quartz makes up 4.2%, which we interpret as the quartz grains trapped within the
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aragonite cement and botryoids as they grew (Figure 5.27). This continues to support the
hypothesis that the quartz grains were already deposited when the authigenic carbonate
matrix started to grow. The matrix grew around and incorporated the quartz grains and
metallic minerals.
SEM micrographs were taken of a sample from the outer white aragonite cement
that surrounds the larger fluid passageway on section lb1_5. The micrographs show
multiple generations of aragonitic botryoids overlapping each other (Figure 5.16). These
botryoids range from 210 to about 320 µm in diameter. The cores of the botryoids were
investigated for signs of microbial influences. Some spheroidal shapes were located but
not to the abundance of previous studies to concluded these botryoids are microbial
induced. The majority of the cores are composed of broken aragonitic needles and
possible carbonate material (Figure 5.17). SEM analysis of small fluid passages show
aragonitic needles that grow sporadically within the open void. Broken aragonite needles
are carbonate mud is found intertwined with the in situ needles (Figure 5.15).
SEM micrographs of the light gray carbonate matrix show an abundance of
microfossils and fragments of marine organisms (Figure 5.18). Pieces of diatoms and
coccolith shells are abundant throughout the carbonate matrices in both the lighter gray
and dark gray matrices. These are believed to have been transported and deposited during
the methane seep carbonate rock formation. The coccoliths and diatom pieces have
obviously been disarticulated else well and transported. Therefore, the organism’s death
did not occur after the carbonate matrix formation. Similar to the quartz grains the fossils
were incorporated into the carbonate matrix.
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Transmission Electron Microscopy Analysis
(Figure 5.19) is a TEM micrograph taken from a sample collected of the light
gray carbonate cement on the slab section lb1_2. The micrograph shows broken needles,
which may have been broken during the sectioning process or when the sample was
embedded in epoxy. X-EDS elemental maps show an abundance of carbon, oxygen,
silica, aluminum, and calcium. The abundance of aluminum was not originally
discovered in XRD analysis. Copper discovered on the X-EDS elemental maps is caused
by the 300-count copper TEM grid the sample was mounted to. TEM analysis conducted
on two other locations of the light gray carbonate cement of section lb1_2 and lb1_4
show similar results (Appendix Chapter C). The TEM micrographs show an abundance
of broken needles due to sectioning. The X-EDS map spectrometry results of (Figure
5.19) show a heavy concentration of oxygen, followed by calcium, silica and carbon,
which make up the majority of the elements in the samples (Figure 5.20).
Metallic elements of aluminum, iron, magnesium, and potassium were also
discovered. X-EDS maps of (Figure 5.19) show that concentrations of the aluminum,
iron, magnesium, and potassium are concentrated near the darker minerals in (Table 5.2).
This is possible due to clay minerals captured during the formation of the authigenic
carbonate matrix. X-EDS spot analysis of the individual minerals show there is a mixture
of aluminum silicate clay minerals (Figures 5.21, 5.22) and the expected carbonate
minerals (Figures 5.23, 5.24). Other X-EDS spot analysis of the minerals can be found in
the Appendix Chapter C.
TEM analysis of the dark carbonate cement structures show micrographs of
heavily dense crystal fragments. Once again, the fragments are in disarray because of the
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sectioning processes for TEM preparation. X-EDS analysis shows that oxygen, silica,
calcium and carbon makeup the majority of the elements found in these sections. Iron,
aluminum, potassium, and magnesium are also found in 6%> concentrations. These
metallic elements are caused by the pyrite minerals and possible aluminum silicate clay
minerals deposited during the formation of the carbonate matrix.
Conclusion
The authigenic carbonate methane seep rock seems to experience multiple
lithological events. The rock samples primarily consist of the lighter gray carbonate
matrix. It is nearly impossible to quantify the percentage of light gray to dark gray
matrix, because the sample lithology changes every couple of millimeters in thickness. In
this project, visual estimates were used to estimate that the sample is about 70% light
gray carbonate matrix. Dark gray carbonate matrix is visually estimated to make up 20%
of the sample section and the white aragonitic cement accounts for the last 10%. Each of
the lithology’s studied show significant differences.
•

The quartz grains seemed to have been trapped and incorporated in the aragonitic
matrix as it precipitated. Therefore, the quartz grains were already deposited
before the authigenic carbonate rock began to form. It is theorized the dark gray
matrix began to form first. The dark gray carbonate matrix contains less aragonite
and more quartz than what is commonly found in the lighter gray matrix. Heavier
minerals like zirconium and pyrite are found in higher concentration in the darker
gray matrix. It hypothesized these heavier minerals were either transported
initially along with the quartz grains or these minerals formed authigenically in
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this subfacies only. The higher percentage of quartz and metals, and the lower
percentage of aragonite result in the significant darkening of color.
The dark gray matrix originally formed incorporating lithifying the quartz grains
and metallic minerals.
•

Fractures in the dark gray matrix allowed for further aragonitic cement growth.
This secondary matrix contains less quartz grains and smaller amounts of metallic
minerals. This secondary lighter gray authigenic carbonate matrix makes up the
majority of the sample section studied. The light gray matrix is composed of
nearly 75% aragonitic cement. In this cement are quartz grains that account for
nearly the other 25% of the lighter gray matrix. It is hypothesized the fractures
grew outwards similar to how a septarian nodule forms, separating apart the dark
gray carbonate matrix.

•

Aragonitic botryoids and veins can account for up to three different generations of
growth in some areas. The first generation of aragonitic botryoidal growth can be
seen along the voids, which act as fluid passage ways for marine waters. These
botryoids are in poor shape, with very few small aragonitic needles still preserved.
This is because of younger botryoidal growth overlapping the first generation and
fluid moving through the passages eroding the botryoids. The first generation of
aragonitic botryoids can be seen as the white aragonitic cement that makes up the
initial contact between the younger botryoidal generations and the light/dark gray
carbonate matrix. Aragonitic veins seem to stem from the original generation of
botryoids. The veins seem to have precipitated in the lighter gray carbonate
matrix because of more open pore space. The veins seemed to have acted like a
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septarian nodule growing outwards against the carbonate matrix, similar to how
the lighter gray matrix formed. Near the dark gray carbonate matrix, the
aragonitic veins surround, but do not penetrate the dense structures. This is
hypothesized to occur because the dark gray matrix has less pore space and a
higher concentration of quartz. Quartz grains can be seen incorporated into the
base of the first generation of aragonitic botryoids along the outside of the light
gray and dark gray carbonate cement. This suggests the quartz grains was
deposited before the first generation of aragonitic botryoids began to grow.
•

The second and third generations of aragonitic botryoids are only found around
the large voids that would have allowed for abundant rapid fluid flow. The second
generation of botryoids nucleated on the first generation of botryoids and grow
perpendicular into the void space. Evidence of broken needles and weathering
from possible fluid movement can be seen in thin section analysis (Appendix
Chapter C, Figure C.6). The third generation of aragonitic botryoids nucleate on
the second generation of botryoids. They are randomly oriented and overlap the
first and second generation botryoids. These botryoids are suggested to have
grown because of the free ions in solution brought in from the fluid passageways.
Unlike the first generation, no quartz is identified as being trapped in the second
or third generation botryoids.
The authigenic carbonate methane seep rock did not grow in a stratigraphic

sequence of events from top to bottom. The sample grew in stages that continued to
modify the carbonate matrix. The darker gray aragonitic matrix precipitated and captured
quartz grains and metals which were originally transported in. Once the dark grey matrix
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lithified, fractures in the matrix allowed for further precipitation of the lighter gray
matrix. As the lighter gray matrix grew it captured quartz grains, small amounts of iron
sulfide minerals, and fossil fragments. Marine waters pumped in free ions in solution
through the fluid passageways and promoted the aragonitic botryoidal growth around the
rim of the voids. The same marine fluids moved into the pore spaces of the lighter gray
carbonate matrix and began to precipitate aragonite pushing the matrix outwards, creating
the veins seen throughout the sample. The analogy would be the veins found in a
septarian nodule. The second and third generations of aragonitic botryoids formed last,
only growing along the void walls of the fluid passage ways. These grew because of the
abundance of ions supplied by the marine waters.
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BROADER IMPACT
Intellectual Merit
This project contributed to improve the understanding of the factors that control
carbonate precipitation largely through high resolution imagery. This project has
illustrated that the in a natural setting such, as algal mats from salt ponds in Brazil, that
the interface between precipitates and microbial cell walls, amorphous organic
compounds, is populated by Mg and Si compounds. The project has also carefully
recreated precipitation in the laboratory with isolated, single organic compounds to show
that precipitation begins on, or within the compounds. Finally, this research has explored
an unusual rock from an underexplored area in search of microbial controls for
precipitation, which were not clearly evident.

However, the rock has been hypothesized

to grow outwards instead of in layers as originally proposed.
Broader Impact
The relationship between organics and carbonate mineral growth has been found
throughout nature. In geology, these patterns are found from travertine rocks in Italy to
methane seep carbonates on the ocean floor. In medical research, organic subspherical
structures are found with carbonate minerals in arterial pathways and urinary infections.
As much as these patterns have been found no widely accepted mechanism or
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understanding has been discovered. Imaging the interfaces of these patterns in ancient
rocks, modern rocks, and laboratory experiments first prove that the patterns are
consistent. These experiments also help explain the interfaces between organics and
carbonate minerals. In many cases organics seem to act as nucleation sites for carbonate
crystal growth. This is possibly because organic molecules influence mineral growth by
affecting pH and activation energy (Broomfield et al., 2009; Sigma-Aldrich, 2014). The
benefits of this research to society include exploration of potentially transformative
concepts in the fields of geology, medicine, nanotechnology, and exploration for
extraterrestrial life.
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APPENDIX A
IMAGING THE ORGANIC AND MINERAL INTERFACES IN THE VERMELHA,
BRAZIL MICROBIAL MAT

142

SEM Micrographs
These SEM micrographs are to be used as supplemental information for the
Imaging the Organic and Mineral Interfaces of the Vermelha, Brazil Microbial Mat
project.

Figure A.1

TEM micrograph of aragonite crystals appearing to have nucleated on the
outer rim of the mucilaginous sheath of cyanophytes in the algal mat.
Magnified image from the previous image. Aragonitic crystals used a
single spot on the cell wall as a site of nucleation.
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Figure A.2

TEM micrograph of algae shows dark amorphous structures. X-EDS
analysis determined the dark structures are primarily made of silica,
oxygen, and magnesium. The crystal structures are using the amorphous
structures as nucleation sites.
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Figure A.3

TEM micrograph of the shows the carbonate crystals penetrating through
the cellular walls. This suggests the carbonate minerals formed directly
after cellular death.
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Figure A.4

Aragonitic crystals are growing radially from a dark nucleation point. The
nucleation point seems to be one of the dark splotches found in association
with crystal growth.
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Figure A.5

Magnified micrograph of the Figure A.4. Image suggests the carbonate
minerals are emerging from the amorphous structure. Possibly using the
structure as a nucleation site.
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Figure A.6

TEM Micrograph shows the aragonitic needles have grown around the dark
splotches. This may be evident that the crystals grew after the dark
splotches were precipitated.
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Figure A.7

TEM micrograph shows the outline of aragonitic crystals using a dark
amorphous structre as a nucleation site. The crystals have dissolved
because of long exposure to eosin dye.
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Figure A.8

TEM micrograph shows the outline of aragonitic crystals using the dark
amorphous structure as a nucleation site. Light colored splotches are
created from the remnants of the carbonate minerals in the epoxy.
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Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis
Electron Image 2

Figure A.9

TEM micrograph of the X-EDS mapped area for site 2. Image shows dark
amorphous structures near cell wall structures. This image is useful because
the cellular structures and amorphous dark structures are clearly separated.
The X-EDS images show the concentration of silica and magnesium in the
dark structures.
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Figure A.10 X-EDS spectral analysis for (Figure A.9). Shows the detectable levels of
silica and magnesium found in the dark amorphous structures.
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Figure A.11 X-EDS elemental map of carbon for (Figure A.9) shows the lack of carbon
in the dark amorphous structures.
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Figure A.12 X-EDS elemental map of calcium for (Figure A.9) shows only small traces
of calcium where the dark amorphous structures occur.
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Figure A.13 X-EDS elemental map of oxygen for (Figure A.9) shows most of the
oxygen is located in the dark amorphous structures.
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Figure A.14 X-EDS elemental map of silica for (Figure A.9) shows most of the silica is
located in the dark amorphous structures.
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Figure A.15 X-EDS elemental map of magnesium for (Figure A.9) shows most of the
magnesium is located in the dark amorphous structures.
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Electron Image 4

Figure A.16 TEM micrograph of the X-EDS mapped area for Electron Image 4. Low
magnification image shows dark amorphous structures in clusters with
carbonate crystals.
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Figure A.17 Elemental spectral map showing the makeup for (Figure A.15). Low
magnification results in poor weight analysis. However, the elemental maps
still detect silica and iron.
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Figure A.18 X-EDS elemental map of carbon for (Figure A.15). As expected the
majority of carbon is centralized within the organic and crystal mixture.
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Figure A.19 X-EDS elemental map of calcium for (Figure A.15). As expected the
majority of calcium is centralized within the organic and crystal mixture.
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Figure A.20 X-EDS elemental map of oxygen for (Figure A.15). As expected the
majority of oxygen is centralized within the organic and crystal mixture.
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Figure A.21 X-EDS elemental map of silica for (Figure A.15). The silica is located in
where the majority of the dark amorphous structures are located.
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Figure A.22 X-EDS elemental map of iron for (Figure A.15). The iron is located in
where the majority of the dark amorphous structures are located.
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Images A.22, A.23, and A.24 are enlarged elemental maps for (Figure 3.16).

Figure A.23 X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the dark
spheroids contain larger concentrations of oxygen.
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Figure A.24 X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the dark
spheroids contain larger concentrations of silica.
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Figure A.25 X-EDS elemental map of calcium for site 1 (Figure 3.16) shows the dark
spheroids contain larger concentrations of magnesium.
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Images A.25, A.26, A.27, A.28, and A.29 are enlarged elemental maps for (Figure
3.16).

Figure A.26 X-EDS elemental map of carbon for site 1 (Figure 3.9) shows the dark
spheroids have low concentrations of carbon.
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Figure A.27 X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the dark
spheroids contain larger concentrations of calcium.
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Figure A.28 X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the dark
spheroids contain larger concentrations of oxygen.
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Figure A.29 X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the dark
spheroids contain larger concentrations of silica.
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Figure A.30 X-EDS elemental map of calcium for site 1 (Figure 3.9) shows the dark
spheroids contain larger concentrations of magnesium.
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APPENDIX B
MINERAL PRECIPITATION WITH ORGANIC MOLECULES

173

Transmission Electron Microscopy (TEM) micrographs

Figure B.1

TEM micrograph of palmitic with calcium oxide after 18 hours. Dark
clusters of carbonate minerals growing intermixed with the palmitic acid.
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Figure B.2

TEM micrograph of steric acid with calcium oxide after 18 hours.
Micrograph shows carbonate minerals growing in clusters using the steric
acid as a nucleation point.

175

Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis
X-EDS spectral point analysis for Figure 3.11

Figure B.3

X-EDS spectral analysis for point spectrum 4 of TEM micrograph (Figure
3.11).

Figure B.4

X-EDS spectral analysis for point spectrum 5 of TEM micrograph (Figure
3.11).
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Figure B.5

X-EDS spectral analysis for point spectrum 6 of TEM micrograph (Figure
3.11).

Figure B.6

X-EDS spectral analysis for point spectrum 7 of TEM micrograph (Figure
3.11).
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X-EDS analysis for palmitic acid

Figure B.7

TEM photomicrograph of palmitic acid with calcium oxide after 48 hours.
Shows a cluster of palmitic acid and carbonate mineral growth.
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Figure B.8

X-EDS elemental map of carbon for TEM image (Figure B.7).
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Figure B.9

X-EDS elemental map of calcium for TEM image (Figure B.7).
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Figure B.10 X-EDS elemental map of oxygen for TEM image (Figure B.7).
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Images (B.11, B.12, and B.13) are enlarged elemental maps for (Figure 4.11)

Figure B.11 X-EDS elemental map for carbon TEM micrograph (Figure 4.11).

182

Figure B.12 X-EDS elemental map for calcium TEM micrograph (Figure 4.11).
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Figure B.13 X-EDS elemental map for oxygen TEM micrograph (Figure 4.11).
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APPENDIX C
Authigenic Carbonate Rock Imaging and Analysis
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High Resolution images of slabs from LB1

Figure C.1

High resolution scan of slab LB1 on Side B with a 30 cm scaled ruler.
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Figure C.2

High resolution scan of slab LB2 on Side A with a 30 cm scaled ruler.
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Figure C.3

High resolution 900 DPI scan of slab LB2 on Side B with a 30 cm scaled
ruler.
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Figure C.4

High resolution scan of slab LB3 on Side A with a 30 cm scaled ruler.
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Figure C.5

High resolution scan of slab LB3 on Side B with a 30 cm scaled ruler.
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Thick Section Reflected Light Analysis

Figure C.6

Reflected light image of a thick section shows aragonitic crystals .2 to .8
cm in length void from section lb1_5. Aragonite crystals are growing in
random voids found throughout the carbonate methane seep rock.
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Figure C.7

Image created by reflected light on a Thick section of radial aragonitic
botryoids surrounding the outside of a void. The botryoids are third
generation and is seen growing in random directions.
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Scanning Electron Microscopy (SEM) Micrographs

Figure C.8

SEM micrograph of the surface on slab LB1 Side B shows a aragonitic
botryoid with radiating aragonite crystals. The botryoid is 320 µm in
diameter.
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Figure C.9

SEM micrograph of the base of the aragonitic botryoid. Magnified image
of (Figure C.8). Micrograph shows a debris field of possible organic
material intermixed with broken aragonite crystals.
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Figure C.10 SEM micrograph of the core of the aragonitic botryoid. Magnified image of
(Figure C.8). Micrograph shows a debris field of possible organic material
intermixed with broken aragonite crystals.
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Energy-dispersive X-ray Spectroscopy (X-EDS) Analysis
Electron Image 5 Light Gray matrix

Figure C.11 TEM micrograph of image 5 taken from the light gray carbonate cement
section of slab LB1 Side A lb1_2.
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Figure C.12 X-EDS elemental spectral summary of Electron Image 5 (Figure C.11).
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Figure C.13 X-EDS elemental map of carbon for Electron Image 5 (Figure C.11).
Concentrations of carbon are not near the darker minerals.
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Figure C.14 X-EDS elemental map of calcium for Electron Image 5 (Figure C.11).
Concentrations of calcium are not found in the darker cluster of minerals.
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Figure C.15 X-EDS elemental map of oxygen for Electron Image 5 (Figure C.11).
Concentrations of oxygen is found throughout the sample.
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Figure C.16 X-EDS elemental map of silica for Electron Image 5 (Figure C.11).
Concentrations of silica is found in the darker mineral clusters, suggesting
these may be clay minerals.
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Figure C.17 X-EDS elemental map of aluminum for Electron Image 5 (Figure C.11).
Concentrations of aluminum is found in the darker mineral clusters,
suggesting these may be clay minerals.
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Electron Image 8 Dark Gray Carbonate matrix

Figure C.18 TEM micrograph of image 8 taken from the dark gray carbonate cement
splotches on slab LB1 Side A.
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Figure C.19 X-EDS elemental spectral summary of Electron Image 8 (Figure C.18). No
significant levels of calcium detected. High amounts of Silica and
aluminum suggests a large presence of aluminum silicate clay minerals.
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Figure C.20 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of oxygen is found throughout the sample.
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Figure C.21 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Large concentrations suggest aluminum silicate clay minerals.
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Figure C.22 X-EDS elemental map of aluminum for Electron Image 8 (Figure C.18).
Large concentrations suggest aluminum silicate clay minerals.
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Figure C.23 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of iron is found throughout the dark matrix of the sample.
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Figure C.24 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of magnesium is found throughout the dark matrix of the
sample.
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Figure C.25 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.18).
Concentrations of potassium is found throughout the dark matrix of the
dark matrix of the sample.
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Electron Image 9 Transitional section form Dark Gray to Light Gray Carbonate
matrix

Figure C.26 TEM micrograph of image 9 taken from the dark gray to light gray
transitional boundary slab LB1 Side A.
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Figure C.27 X-EDS elemental map summary of Electron Image 9 (Figure C.26).
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Figure C.28 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of carbon is found throughout the sample.
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Figure C.29 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of calcium is found toward the top half of the TEM
micrograph. This is possibly from the carbonate minerals intermixed with
clay minerals.
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Figure C.30 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of oxygen is found throughout the sample.
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Figure C.31 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of silica is found throughout the sample. Concentrations
might be located in clay minerals.

216

Figure C.32 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of aluminum is found throughout the sample.
Concentrations might be located in clay minerals.

217

Figure C.33 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of iron is found throughout the sample. Concentrations
might be located in clay minerals.
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Figure C.34 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of magnesium is found throughout the sample.
Concentrations might be located in clay minerals.
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Figure C.35 X-EDS elemental map of oxygen for Electron Image 8 (Figure C.26).
Concentrations of potassium is found throughout the sample.
Concentrations might be located in clay minerals.
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Figures C.36, C.37, C.38, C.39, C.40, C.41, and C.42 are enlarged elemental
maps of Figure (5.19).

Figure C.36 X-EDS elemental map of carbon for image 6 (Figure 5.19).
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Figure C.37 X-EDS elemental map of calcium for image 6 (Figure 5.19).
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Figure C.38 X-EDS elemental map of oxygen for image 6 (Figure 5.19).
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Figure C.39 X-EDS elemental map of silica for image 6 (Figure 5.19).
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Figure C.40 X-EDS elemental map of aluminum for image 6 (Figure 5.19).
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Figure C.41 X-EDS elemental map of iron for image 6 (Figure 5.19).
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Figure C.42 X-EDS elemental map of magnesium for image 6 (Figure 5.19).
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